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 A rapid radiochemical method for the concentration and subsequent analysis of 
radionuclides from large volume aqueous samples has been developed by using solvent 
extraction (SX) followed by quantification via liquid scintillation counting (LSC). This 
was accomplished using simple radiochemical techniques that resulted in the ability to 
enact a 200x concentration factor and rapidly detect whether radionuclides are present in 
dilute aqueous samples. The proposed method has average Minimum Detectable 






 Bq/L and 0.16
 





 mol/L, respectively. The MDC value for plutonium is an order 
of magnitude lower than the value set by the Environmental Protection Agency (EPA) for 
the Safe Water Drinking Act (SWDA), which establishes a Maximum Contaminant Level 
(MCL) of 15 pCi/L (0.55 Bq/L) for gross alpha activity. Due to the simple nature of the 
procedure and relatively low cost of the analysis, this procedure is intended for use by 
technicians to monitor the potential presence of actinides in water treatment systems. 
Overall, the procedure described below will result in a “yes”/”no” determination of the 
presence of plutonium in a water sample. If further analyses are warranted to determine 
the specific radionuclides involved or isotope ratios, back extraction of the actinides from 
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     CHAPTER ONE 
1. INTRODUCTION 
 
 The importance of nuclear forensics techniques has been recognized due to the threat 
of individuals using nuclear materials with the intent to cause harm to persons in 
countries around the world. Over the past 15 years more than 17 kilograms of highly 
enriched uranium (HEU) and 400 g of plutonium have been interdicted through an 
international effort to attempt control of the smuggling of nuclear materials (AAAS, APS, 
2008). Since the amount of material being obtained remains steady, the threat of their 
usage in harmful scenarios has not declined (Figure  1-1).  
 
Figure  1-1. Illicit trafficking cases recorded by the IAEA (IAEA Nuclear Security Series 
No. 6) (AAAS, APS, 2008). 
It is difficult to estimate how much material is successfully trafficked, to whom it is being 
trafficked to, and what their purpose of obtaining this material is. As a result, the 
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development of new methods to monitor major public transport systems and services, 
such as waterways, highways, and air travel may be important in reducing the ability for 
nuclear material to be used to cause harm. 
 One major vulnerable public service requiring monitoring for radionuclides is 
drinking water. Water treatment systems and waterways are unlikely to be physically 
monitored adequately such that a terrorist attack could be thwarted; therefore, it may be 
possible for an individual(s) to introduce radionuclides into these systems with the intent 
to cause harm to others. A method developed specifically to monitor drinking water for 
radionuclides may therefore be an important addition to keeping those who consume the 
water safe.  
   Monitoring of drinking water as established by the Environmental Protection Agency 
(EPA) within the Safe Drinking Water Act (SDWA) is currently done based on the level 
of detection within the drinking water facility. There are four levels of compliance, 1) 
below the defined detection limit, 2) greater than or equal to the defined detection limit, 
3) but less than or equal to ½ the MCL, 4) greater than ½ the MCL but less than or equal 
to the MCL, and greater than the MCL ("Radionuclides in Drinking Water: A Small 
Entity Compliance Guide"). Figure  1-2 displays the monitoring frequency that is required 




Figure  1-2. Monitoring frequency as per EPA and the SDWA ("Radionuclides in 
Drinking Water: A Small Entity Compliance Guide"). 
The detection limits for alpha emitting radionuclides is established as 3 pCi/L (0.1 Bq/L), 









 M respectively).  
 Though drinking water has established monitoring guidelines, the same monitoring 
techniques may be difficult to apply to wastewater treatment system. The influent solids 
for a typical wastewater treatment system allow for the possibility of radionuclide 
partitioning between the solid and aqueous phases. The techniques developed in this 
thesis primarily deal with aqueous systems expected for drinking waters plants. Further 
studies on the partitioning and speciation of radionuclides in the influent of wastewater 
systems are needed which are beyond the scope of this thesis.  
 Once established, the method should have the ability to monitor for the purposeful 
release of radionuclides that may occur via the dumping into a drinking water source 
upstream from a water treatment facility. The monitoring process should include a 
radionuclide extraction that would occur at the front end of a water treatment facility 
before any treatment processes occur in order to limit the loss of these radionuclides to 
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water treatment processes (e.g. flocculation) that may hinder detection limits.  A method 
that is able to be present a rapid, simple extraction could present the ability to monitor 
these facilities at a more frequent basis, even for sites that are below detection if it is 
easily established. Sites that require more frequent monitoring may also benefit from a 
simpler method that may allow for monitoring more easily.  
 Commercial on-line and off-line alpha-monitoring instrumentation is available to do 
alpha monitoring in liquid streams (e.g. on-site process waters on contaminated DOE 
sites), though these systems are typically unable to detect alpha emitters at drinking water 
levels (0.1 Bq/L), costly, and require extensive radiochemical training to operate. One of 
the most popular commercial on-line systems is EG&G Ortec’s LB/BAI9126 
Alpha/Beta/Gamma monitoring system for effluent and drinking water applications 
(Thermo Power Corporation, 2003). This system uses a large-area proportional counter to 
measure the surface (top 40 micrometers) of a water sample. Though discrimination 
between alpha and beta is achievable, this system is unable to detect alpha radioactivity at 
drinking water levels (0.1 Bq/L) and costs on the order of $75,000. In addition to the cost, 
the system employs four inches of lead shielding, bringing the overall weight of the 
system to 3,300 pounds. Another on-line water monitoring system is produced by 
Canberra Industries, which is employed for environmental monitoring of 
235
U, fission 
products, and activation products in water using a 60 minute count time (Thermo Power 
Corporation, 2003). The stated sensitivity of this instrument is poor (e.g. 80 Bq/L for 
235
U), leaving the system unable to detect alpha radioactivity at drinking water levels, 
while the cost of the system is on the order of $80,000 (Thermo Power Corporation, 
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2003). It is noteworthy that the price figures used are from 2003, and have since 
increased. 
 Numerous commercial off-line devices/methods are also currently available. A 
popular option still remains in the form of the conventional radiochemical laboratory 
analysis method(s). Measurements of actinide elements in water requires sample 
preparation which typically involves either macroprecipitation of the dissolved material 
using neodymium fluoride, or a boiling down of the samples aqueous volume. 
Concentrating radionuclides from a one gallon (3.8 L) sample size will typically allow 
drinking water levels of radioactivity to be accurately measured. However, with arduous 
manual sample processing for actinide elements, the need for a qualified technical staff to 
perform the sample preparation, and the cost of the nuclear instrumentation ($6,000 for a 
one-channel alpha spectroscopy system or $30,000 for a multi-channel system), this 
method is expensive and cumbersome. (Thermo Power Corporation, 2003). These 
methods with detailed and cumbersome sample treatments required may be impractical 
for frequent monitoring at water treatment facilities, especially in smaller facilities that 
lack the funding or staff to perform the required tasks. 
 Another off-line method for alpha detection at drinking water levels is the ORDELA, 
Inc. system named Photon/Electron-Rejecting Alpha Liquid Scintillation (PERALS). 
This system uses a solvent extraction of the sample (30 minutes for aqueous samples), 
removing the radionuclides, followed by the counting on the PERALS spectrometer. The 
system is able to detect alpha-emitters at drinking water levels, with a reported minimum 
detectable concentration of between 0.34-1.15 Bq/kg for uranium and 0.014 Bq/kg for 
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plutonium (Ayranov, et al., 2001; Ayranov, et al., 2005). Typical sample preparation 
takes from one to four hours and uses either an initial evaporation or ferric hydroxide 
coprecipitation option. The evaporation method uses a 200 mL aliquot, which is boiled 
down to a 40 mL volume, followed by pH adjustment to pH 3, and finally a solvent 
extraction using an extraction ligand (Duffey, et al., 1996). Table 1-1 summarizes all of 
the commercially established heretofore discussed methods for monitoring of drinking 
water.  
Table  1-1. Summary of some techniques to monitor aqueous streams for alpha-emitting 
radionuclides (Thermo Power Corporation, 2003). 
Device/Method Monitoring Type 




EG&G Ortec – 
LB/BAI9126 
On-line No 75,000 
Canberra 
Industries System 










Off-line Yes 21,250 
 
These current methods for monitoring aqueous streams are costly, may require technical 
training in radiochemical separations/detection and arduous sample preparation, may 
require bulky instrumentation, and may be poor at detecting alpha-emitting radionuclides 
at  drinking water concentrations (0.1 Bq/L as the MDC per EPA SDWA).  
 Liquid-liquid solvent extraction, as seen in the PERALS method of water monitoring, 
offers the ability to match the requirements of a rapid, simple method that is able to 
detect radionuclides at drinking water concentrations (Duffey, et al., 1996; Thermo 
Power Corporation, 2003). This technique is employed to separate radionuclides based on 
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their oxidation state using various ligands in an organic phase (Schramke et. al., 1988; 
Bertrand, et. al., 1982). Solvent extraction has been employed in actinide separations for 
numerous decades using various extraction ligands and organic phases. It is already well 
known to be highly efficient, rapid, and selective for actinides, even when used on 
environmental waters such as seawater and groundwater (Saito, et al., 1983; Choppin et 
al., 1998). Solvent extraction also offers the ability to increase radionuclide 
concentrations by extracting from a larger volume aqueous phase into a smaller volume 
organic phase, allowing for low detection limits.  Ligands 1-phenyl-3-methyl-4-benzoyl-
pyrazole-5-one (PMBP)
 
and bis-(2-Ethylhexyl) phosphoric acid (HDEHP are two of the 
most common extractant ligands employed to separate actinides (Schramke et. al., 1988; 
Choppin et. al., 1998). These ligands have the ability to extract radionuclides with 
various solvents including heptane, cyclohexane and octanol.  
 Using solvent extraction, actinides (An(III), An(IV) & An(VI) at pH = 4.5 and 
An(IV) at pH = 0 for PMBP) can be effectively removed from aqueous samples, even at 
low concentrations, while leaving non-extractable ions in the aqueous phase. The 






Table 1-2. PMBP and HDEHP extraction scheme at various pH. Organic means the 
actinide is extracted by the ligand to the organic phase. 
Actinide PMBP, pH 0 PMBP, pH 4.5 HDEHP, pH 0 HDEHP, pH 4.5 
An(III) Aqueous Organic Aqueous Organic 
An(IV) Organic Organic Organic Organic 
An(V) Aqueous Aqueous Aqueous Aqueous 
An(VI) Aqueous Organic Organic Organic 
 
Also notable in Table 1-2 is that the ligands follow the overall actinide complexation 








 where An(IV) always extracts, An(V) 
never extracts, and An(III) and An(VI) vary in extraction (Rizkalla and Choppin, 1994). 
 Additionally, the organic phase containing the ligand can have a volume that is orders 
of magnitude less than the volume of the aqueous phase with a theoretical loading limit 
of milligram quantities (depending on the volume of the organic phase). In addition to the 
high chemical yield and oxidation state selectivity, organic extractants such as PMBP 
have been proven to have rapid kinetics (Wei-fan, et. al., 2003) with short phase contact 
times being required.  The result is a highly selective technique that rapidly removes 
radionuclides at a wide range of concentrations, effectively concentrating them into a 
much smaller volume. This increases the radionuclide concentration in the solution being 
analyzed and thus effectively lowers the minimal detectable concentration (MDC) of the 
instrument being used.   
 Solvent extraction also has the advantage of uncomplicated chemistry and simple 
instrumentation needs. The techniques and training required to successfully perform the 
extraction are simpler than most current large aqueous volume, environmental low-level 
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radiochemical techniques such as co-precipitation coupled with mass spectrometry 
analysis (Eroglu, et al., 1998), column separation using ion exchange resins and /co-
precipitation coupled with alpha spectrometry (Cooper, et al., 2003), or column 
separation and electrodeposition coupled with alpha spectrometry (Sanchez-Cabeza, et 
al,, 2003). These procedures require specific training in radiochemical separations as well 
as the practice involved in perfecting the separation techniques. Furthermore, arduous 
sample preparation make utilization of these techniques impractical for rapid, daily 
monitoring in a water treatment facility. Additionally, alpha spectrometry, gamma 
spectrometry, and mass spectrometry all require training in order to prepare samples, set 
up the instrument, and analyze the data. Therefore, the solvent extraction based 
concentration method developed as part of this work is proposed to provide a relatively 
low cost, simple alternative to many of the currently employed procedures.   
 The technique is not intended to be a fully quantitative analysis of radionuclide 
concentrations. Rather it is meant to be a simple technique that can be easily applied by 
water plant technicians as part of a frequent monitoring program. This allows for the 
usage of inexpensive, portable, and easy to operate liquid scintillation counters (e.g. the 
Triathler offered by Hidex which costs around $12,000) instead of requiring the large 
upfront equipment cost of current monitoring systems as seen in Table Table ‎1-1.Thus 
the method is intended to give an initial assessment of the presence of radionuclides and 
an approximate concentration without the arduous work required for current 
radiochemical separations. Detection of radionuclides using this simple technique will 
indicate the need for a more time consuming complete radiochemical analysis.  
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 In this work, a rapid technique for extracting actinides from large volumes of 
aqueous systems will be examined. The technique will test the ability of solvent 
extraction to be used as a sole concentration step on a large aqueous volume (4 L). 
Previous work with the PERALS system has employed a pre-concentration step using 
evaporation or ferric hydroxide coprecipitation which is then followed by solvent 
extraction. As the solvent extraction step will be the sole concentration method, the 
influence of common organic and inorganic ions in natural waters on the chemical yield 
will be examined in detail as part of this study. These studies of the potential for 




   











     CHAPTER TWO 
2. OBJECTIVES 
 
 The main objective of this study was to develop a method to monitor drinking water 
for radionuclides using solvent extraction. The four sub-objectives of the study were: 
 Objective 1: Identify the chemical yield and selectivity of solvent extraction systems. 
This objective tested the ability of the ligands 1-phenyl-3-methyl-4-benzoyl-pyrazole-5-
one (PMBP)
 
and bis-(2-Ethylhexyl) phosphoric acid (HDEHP) in the solvent extraction 
system to effectively remove radionuclides, while also confirming that the selectivity 
towards removing desired oxidation states at differing pH values was achieved.  
 Objective 2: Examine the influence of constituents in drinking water on the chemical 
yield. The purpose of this objective was to analyze how constituents commonly found in 
drinking water effect the ability to extract radionuclides. Common drinking water ions 
such as magnesium and sodium, in addition to natural organic matter (NOM) may affect 
the chemical yield, thus understanding their affect is important for this study. 
 Objective 3: Establish a back extraction method. This objective was designed to 
produce a method to remove the actinides from the organic phase once extracted. This 
leaves allows for the method to have further analysis ability, such as column purification, 
if desired. 
 Objective 4: Larger scale development and environmental water sample analysis. 
The purpose of this objective was to take all of the information learned about solvent 
extraction systems from objectives 1 through 3, and apply it to a larger scale system using 
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natural water. This is the most important sub-objective since it will be the test of the 
method combined with natural waters.  
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             CHAPTER THREE 
3. EXPERIMENTAL PROCEDURES 
 
   3.1. Materials 
  Nitric and hydrochloric acid solutions were prepared using VWR (Atlanta, GA) 
Aristar Plus analytical-grade acids using distilled deionized water (DDI) from a Millipore 
Super Q water system. Sodium chloride and calcium chloride solutions were prepared 
using VWR reagents in DDI water. 1-Phenyl-3-methyl-4-benzoyl-pyrazole-5-one 
(PMBP) was obtained from TCI America (Portland, OR) and bis-(2-ethylhexyl) 
phosphoric acid (HDEHP) was obtained from Alfa Aesar (Ward Hill, MA). Individual 
solutions of both compounds were prepared in various organic solvents including 
cyclohexane from Fisher (Pittsburg, PA), odorless kerosene from JT Baker (Phillipsburg, 
NJ), and a 10% 1-octanol (Alfa Aesar), 90% heptane (VWR) mixture to a final 
concentration of 0.02M PMBP or 0.5M HDEHP. These concentrations of ligands have 
been shown to quantitatively remove actinides in the +4 and +6 oxidation state (Neu, et 
al., 1994). Stock solutions of fulvic acid and humic acid at 500 mg C/L in DDI water 
were prepared using Suwannee River Fulvic Acid Reference and Leonardite Humic Acid, 
respectively. 







 M and 4.3x10
-6
 M, respectively) was prepared from individual 1000 μg/mL 





Np stock solution was prepared from a National Institute of Standards 
and Technology (NIST) (Gaithersburg, MD) standard reference material (SRM4341) by 
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dissolving 484.7 Bq in 100 mL of a 2% nitric acid solution. 
238
















respectively) in DDI were prepared from standards purchased from Isotope Products 




U standards was prepared by 
directly diluting the stock solutions purchased from Isotope Products Incorporated. The 
initial oxidation state distribution of the 
238
Pu(IV+VI) solution was 12% Pu(IV) and 84% 
Pu(VI), which were determined using solvent extraction and will be discussed in detail 
below. The 
238
Pu(V) stock solution was prepared as previously described (Powell et al., 
2005).   
3.2. Methods 
3.2.1. Stable oxidation state actinide experiments using inductively coupled plasma mass 
spectrometry 
 Extractions using stable oxidation state actinides were performed following the 
experimental design displayed in Figure  3-1. The PMBP or HDEHP extractant solutions 




 3-1. Actinide stable oxidation state experiment design. The shaded boxes represent the 
organic phase, while the non-shaded boxes represent the aqueous phase. 
  
 Experiments that were performed to determine the chemical yield using 5 mL of 
0.02M PMBP and 0.5M HDEHP organic-ligand solutions used a 175 mL DDI aqueous 













Np at pH 0 and 4.5. The extractions were 
conducted with various organic solvents, including cyclohexane, odorless kerosene, and a 
10% octanol, 90% heptane mixture. Samples were mixed for 30 minutes in a 250 mL 
low-density narrow mouth polyethylene bottle on a Thermo Scientific Lab Rotator 
horizontal shaker at 180 RPM. The solution was then centrifuged for 10 minutes at 2,000 
rpm on a Beckman GS-6 Centrifuge. Five mL of aqueous phase was removed and 
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analyzed on an inductively coupled plasma mass spectrometer (ICP-MS; Thermo X 




Pu as internal standards.  
 To examine the influence of major ions found in groundwater, experiments were 
performed using individual 0.01M NaCl and MgCl2 aqueous solutions of 175 mL to 





U, 10 μg/L (4.3x10
-8
 M)  
232




Np.  The pH 
was adjusted to 4.5 for PMBP and to 6 for HDEHP using 0.1M NaOH.  The experiments 
were performed in 250 mL polyethylene bottles with a mixing time of 1 hour on the 
horizontal shaker, followed by centrifugation and the extraction protocol described 
above. 





U, 10 μg/L (4.3x10
-8
 M)  
232





pH 4.5.  Two sets of experiments were run, one with 0.02M PMBP-cyclohexane and a 
second with 0.02 M PMBP-heptane/octanol. The same protocol as described above was 
followed with sampling at 10, 30, 60, 180, 300, and 1,440 minutes. Sampling was 
performed by removing the bottle from the shaker, centrifuging for 10 minutes at 2,000 
RPMs, extracting 5 mL of the aqueous phase via pipette, and returning the bottle to the 
horizontal shaker for further mixing. Because the aqueous volume was large compared to 
the amount removed for each time point (roughly 3% per 5 mL aliquot), changes in the 
organic:aqueous volume ratio were not considered to be an issue.   
 Experiments to examine loading of the organic phase at higher concentrations were 




















Th, respectively), while 
237
Np was kept constant at 1 μg/L (4.2x10
-9
 M). PMBP 
(0.02M) was used in both cyclohexane and 90% heptane/10% octanol organic phases at a 
constant 5 mL volume for each sample. Mixing was done in a 250 mL polyethylene 
narrow-mouth bottles for 30 minutes using the procedure as previously described. The 
intent of these experiments was to ensure quantitative extraction could still occur even at 
higher mass loadings.  
 ICP-MS experiments using fulvic and humic acids (see Section 3.1 for standard 









Th from a 1000 μg/L stock into a 30 mL 0.01M NaCl aqueous phase contained in 
a 50 mL BD polypropylene conical centrifuge tube.  Fulvic acid samples were run from 
an experimental matrix with pH values of 0, 3, 5, 7, and 9, and fulvic acid concentrations 
of 0, 5, 10 and 20 mg carbon/L for a total of 20 samples. Each sample was adjusted to the 
appropriate pH directly in the respective 50 mL centrifuge tube after fulvic acid was 
added to ensure that no pH changes resulted from the addition of fulvic acid. Humic acid 
samples were prepared following the same protocol as FA except the pH 0 samples were 
not prepared due to the precipitation of HA at pH less than 2. After pH adjustments, each 
sample had 3 mL of 0.02M PMBP in cyclohexane added, the vials were capped and 
placed on a Thermo horizontal shaker as previously described for a mixing time of 30 
minutes, followed by centrifugation at 6,000 rpm for 10 minutes. Five mL of aqueous 
phase was then removed via pipette and analyzed using ICP-MS. To examine the 
potential for humic and fulvic acids to serve as the extractant, this process was repeated 
18 
 
using the exact procedure except the organic phase of cyclohexane did not include 
PMBP.  





U, and 10 μg/L (4.3x10
-8
 M)  
232
Th in a 4L polyethylene narrow 
neck bottle. An initial 10 mL aliquot of aqueous phase was extracted prior to the addition 
of 20 mL of 0.02M PMBP, followed by subsequent aliquots removed after 60, 180, and 
600 minutes of mixing time with PMBP. To reduce the amount of PMBP extracted, and 
because centrifugation was not feasible on such a large volume, the sample was allowed 
to rest for 10 minutes upright before extraction of the aqueous phase via pipette.  
3.2.2. Radiotracer experiments using liquid scintillation counting 




U were performed as seen in Figure  3-2 
below. For radiotracer experiments, the organic phase was extracted rather than the 
aqueous phase as in the experiments described above and measured by liquid scintillation 




U. Using these isotopes, the 
concentration of the radionuclides in the aqueous phase would be below the detection 
limits of the ICP-MS and thus the concentration to the organic phase was required (Ting, 
et al., 2003; Pietrzak, et al., 1998). This procedure was fundamentally different from the 
















Pu experimental design. The shaded boxes represent the 








U experiments were performed using a 30 mL 
0.01M NaCl aqueous phase at pH 4.5 with a 5 mL organic phase of 0.02M PMBP in 
cyclohexane.  The experiments were performed in 50 mL conical BD centrifuge tubes 
that were mixed for 30 minutes on a Thermo horizontal shaker at 155 rpm, followed by 
centrifugation at 6,000 rpm for 10 minutes. The organic phase (5 mL) was then 
transferred to a 20 mL plastic liquid scintillation vial containing 15 mL of Optiphase Hi-
Safe 3 scintillation cocktail. The sample was shaken, and added to the Wallac liquid 
scintillation counter for analysis. Oxidation state analysis was conducted using a series of 
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steps with four aliquots of the 
238
Pu stock. Separation of Pu oxidation states by solvent 
extraction was performed using 0.5 M bis-(ethylhexyl)-phosphoric acid (HDEHP) in 
xylene and 0.025 M 4-benzyol-3-methyl-1-phenyl-2-pyrazolin-5-one (PMBP) in xylene 
as the extractants (Foti and Freiling, 1964; Nitsche et al., 1988; Neu et al., 1994). An 
aliquot of Pu containing solution was acidified to pH ~0 using HCl then mixed with 
either the HDEHP or PMBP organic phase for 5 minutes in a 2 mL centrifuge vial. The 
vial was centrifuged 1 minute to aid phase separation then aliquots from both the aqueous 
and organic phases were removed for Pu analysis via LSC. A 0.025 M PMBP solution 
selectively extracts Pu(IV) from a pH 0 aqueous phase, leaving Pu(V) and Pu(VI) behind. 
A 0.5 M HDEHP solution selectively extracts Pu(IV) and Pu(VI) into the organic phase, 
leaving Pu(V) in the aqueous phase. The Pu oxidation state distribution in the working 
solution was determined using both HDEHP and PMBP as extractants. The error in the 
oxidation state distribution can be propagated from nuclear counting methods. 
 Radiotracer experiments using fulvic and humic acids were prepared by spiking 1.67 
Bq of 
238
Pu stock into a 30 mL (55.6 Bq/L or 3.7x10
-13
M) 0.01M NaCl aqueous phase in 
a 50 mL polypropylene conical centrifuge tube. The sample pH and total organic carbon 
experimental matrix used for the stable oxidation state analog experiments was used here.  
Each sample was adjusted to the appropriate pH directly in the respective 50 mL 
centrifuge tube after fulvic acid was added to ensure that no pH changes would result 
from the addition of fulvic acid. Humic acid samples were prepared following the same 
protocol as FA except the pH 0 samples were not prepared due to the precipitation of HA 
at pH less than 2. After pH adjustments, samples were reacted and analyzed as described 
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above for HA-free and FA-free radiotracer experiments. The organic phase was then 
extracted and added directly to a LSC vial for counting. The entire experimental 
procedure was repeated with an organic phase that contained no PMBP ligand. 
 Experiments using Fe(III) were prepared with ferric nitrate (Fe(NO3)3·9H2O) in a 
2,000 mg Fe/L stock solution. Three 30 mL centrifuge tubes with 0.01M NaCl were 
spiked with 1.67 Bq of 
233
U (55.6 Bq/L or 6.8x10
-10
 M) , followed by a spike of the iron 
stock solution to make 0.2, 2.0 and 20.0 mg Fe/L sample solutions. The pH was adjusted 
to 4.5, and 5 mL of 0.02M PMBP in cyclohexane was added. The sample was then 
mixed, extracted, and counted using the procedure described above. 
238
Pu(VI & IV) 
solutions (55.6 Bq/L or 3.7x10
-13 
M) were prepared in a 30 mL centrifuge tube following 
the same procedure as above with the exception that the aqueous phase contained 0.01M 
each of NaNO2 and NaCl.   
 Back extractions of the organic phase, done to remove the radionuclides after 
extraction, were performed by spiking 20 mL of 0.01M NaCl aqueous phase (plus 0.01M 
NaNO2 for 
238




Pu, for a total of two different 
samples in 50 mL centrifuge tubes. These samples were mixed with 20 mL of 0.02M 
PMBP for 30 minutes, followed by centrifugation and organic extraction as described 




U loaded organic phases were added to a fresh 
15 mL centrifuge tube, followed by the addition of 2 mL of 8M HNO3 (VWR) and 9M 
HCl (VWR). This solution was mixed for 2.5, 5, and 10 minutes on a horizontal shaker, 
followed by centrifugation, and organic phase extraction and analysis following the 
previously described protocols. For this step, a 1 mL pipette was used to extract the 
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organic phase since the volume, as well as tube volume, was less, which allowed for 
more precise extraction. The organic phase was also analyzed to ensure that the 
extraction was complete.  
3.2.3. Full Scale Testing 




Pu was performed as seen below in 
Figure  3-3. 
 




U in 4 L (0.42 Bq/L). The shaded 





 Larger scale experiments using a 4 L aqueous phase of tap water adjusted to pH 4.5 
for uranium samples and to pH 5 for plutonium samples. In a 4 L polyethylene narrow 





U.  The samples were mixed horizontally at 160 rpm (tap) for 60 
minutes, followed by 10 minutes of equilibration with the bottle standing vertical. A 2L 
separatory funnel was used to separate the aqueous phase, which was discarded into a 
waste container, followed by the collection of the organic phase in a 50 mL centrifuge 
tube. The separatory funnel was rinsed twice with DI water; each time the aqueous phase 
was discarded and additional organic phase was added to the centrifuge tube. The organic 
phase was centrifuged at 6,500 rpm on the Beckman centrifuge for 12 minutes, followed 
by the extraction of the organic phase into a 10 mL pipette. The recovered organic phase 
was added to an LSC vial for counting.  
 Lake water was sampled from the Anderson Marina on January 28
th
, 2012. The 
sample had a pH of 6.98. This location was chosen as a suitable example of untreated 
surface water due to its proximity to the inlet of the Anderson County water treatment 
facility. The samples were collected in 10L VWR polyethylene expandable bottles with 
no on-site adjustments being made. Lake water samples with a 4 L volume were spiked 




Pu (0.42 Bq/L) where molar concentrations were 
233
U (5.1 x 
10
-12
 M) and 
238
Pu (2.8 x 10
-15
 M), respectively. This included both Pu(VI) and Pu(IV) as 
well as Pu(V). The experiments with lake water were performed in triplicate for each 
radionuclide following the same procedure as described for the 4 L tap water samples 
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previously with the exception that the mass of the total organic phase extracted was 
determined. After weighing, 5 mL was extracted from the total PMBP in cyclohexane 
that was collected, and added to a 20 mL scintillation vial with 15 mL of Hi-Safe 3 
cocktail and counted on the Tri-Carb LSC for 10 minute count times. This approach 
differed from the one used with the tap water samples in that the tap water analyses 
counted the entire organic phase collected, while the lake water analyses used pre-
weighed sample volumes.  The procedure was modified because adding all of the 
collected organic phase to the LSC vial resulted in samples that were severely quenched, 
thus 5 mL was chosen as a more suitable option for the lake water samples. 
 Alkalinity titrations of the lake water and tap water were performed as per the 
Standard Methods for the Examination of Water and Wastewater (American Public 
Health Association, American Water Works Association) Method 2320 Alkalinity#1. A 
20 mL buret filled with 0.02N sulfuric acid was used to titrate 100 mL of sample 
measured by a 100 mL graduated cylinder. Two drops of bromcresol green indicator were 
used for each sample, and were added while the sample was stirring. The samples flask 
was rinsed with DDI prior to each titration.  







Np samples were analyzed using a Thermo Scientific X Series 2 
ICP-MS. The fraction analyzed for these experiments was the aqueous phase. The data 
are reported as percent of the actinide remaining in the aqueous phase. This is calculated 
by taking the ratio of the aqueous phase concentration before and after the extraction 
(Equation 1).  
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                             (1) 
For these extractions, csample is the concentration of the sample measured at a given time 
as determined via ICP-MS, cinitial is the concentration of the initial solution as determined 
by ICP-MS, Vsample is the sample aliquot volume, and Vacid is the amount of acid required 
to dilute the sample to 2% nitric acid in order to run on the ICP-MS (all samples must be 
brought up to 2% nitric acid with concentrated HNO3 prior to sampling). The chemical 
yield is defined as how well the actinide is removed from the aqueous phase into the 
organic phase as seen in equation 2. 
                                                   (2) 
The chemical yield is directly related to the fraction in the aqueous.  It is defined as the 
fraction of the actinide in the aqueous phase that is extracted into the final organic phase 
(i.e. the yield of the actinide carried through the procedure). When the fraction in the 
aqueous is high, the chemical yield for the actinide analyte is low; where as a high 
chemical yield represents a low fraction in the aqueous.  
  A series of ICP-MS standards (0.01, 0.05, 0.1, 0.5, 1.0, 5.0, and 10.0 μg/L) were 






Np standards listed in Section 3.1 in 
2% nitric acid solutions for all but the humic acid experiments. Due to humic acid 
precipitation at a pH less than 2, standards for this experiment were prepared in 0.01M 
EDTA with 0.1M EDTA (VWR) using DDI at pH 7 with the same procedure. 
Additionally, all sample aliquots were diluted with 0.1M EDTA to 0.01M EDTA after 
extraction before being analyzed. Internal standards were prepared as 10 μg/L 
208
Pb and 1 
μg/L 
242
Pu in 2% nitric acid (FA) or 0.01M EDTA (HA) for their respective experiments. 
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Error analysis on each sample was performed by using the standard deviation calculated 
via the software with the ICP-MS. This deviation (95% confidence) was then carried 








Pu(V) samples were analyzed using a Perkin Elmer Tri-
Carb 2910 TR Liquid Scintillation Counters. The fraction analyzed for these experiments 
was the organic phase. However, the results are reported in terms of the fraction 
remaining in the aqueous phase.  The fraction remaining in aqueous was determined by 
equation 3 
                              
        
         
   (3) 
where CRsample is the count rate (in cpm) of the sample organic phase extracted and 
CRinitial is the count rate (in cpm) of the stock solution. Although equations 1 and 3 
calculate the same parameter, there are two formulations because equation 1 is based on 
an aqueous measurement using ICP-MS and equation 3 is based on the measurement of 
activity in the organic phase using LSC. The fraction aqueous calculated from either 
equation can be used to calculate the chemical yield using equation 2.  




Pu were counted in 5 mL of PMBP and 15 
mL of Hi-Safe 3 cocktail. The appropriate counting window to capture the alpha peak for 
each radionuclide was selected manually. The Tri-Carb used a generic total activity 
protocol with no alpha-beta discrimination.  To analyze for chemical yield, procedures 




Pu(VI & IV), and 
238
Pu(V) were prepared gravimetrically by adding a weighed spike 
27 
 
of each radionuclide to a solution of 5 mL PMBP in cyclohexane and 14 mL Hi-Safe 3 
cocktail solution, which were analyzed on the Wallac as well as the Tri-Carb instruments. 
To maintain a consistent volume of 1 mL within the LSC vial, DDI water was used to 
bring each spiked sample to 1 g, with the exception of the 1.67 Bq sample, which was 
prepared from a 1.67 Bq/g stock solution. Error analyses preformed for liquid 
scintillation counting (where n=1, n is number of samples performed) were done using 
standard counting statistics and reported as 2sigma (95% confidence interval). When 
triplicate samples were used (n=3), the error was also reported as 2sigma (95% 
confidence) from the mean. 
 For each extraction a spiked PMBP in cyclohexane stock containing a weighed spike 
comparable to the spike added to each extracted sample was used as the stock sample. 
This accounted for the quench and the background since PMBP was added into the stock 
sample. Blanks for the 4 liter experiment were prepared by mixing a unspiked 4 liter 
sample of tap water with 20 mL of 0.02M PMBP in cyclohexane, followed by separation 
and organic phase collection using a 2 liter separatory funnel.  
 The Lower Limit of Detection (LLD) for the Tri-Carb counter was calculated using 
Equation 4 (Currie, 1968). 
                         (4) 
Minimum detectable activity (MDA) for the Tri-Carb counter was established using:  
     
   
          
      (5) 
where LLD is from equation (1), tcount is the sample count time in seconds, ϵ is the 
detection efficiency, and γ is the chemical yield. For LSC, the efficiency was calculated 
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by establishing an efficiency curve using 0, 0.33, 0.67, 1.33, and 1.67 Bq samples as 
previously described. Equation (2) results in an activity, with the units of a Becquerel or 
disintegration per second. A minimum detectable concentration (MDC) of the system was 
calculated using: 
                                                                 
   
  
            (6) 
where V is the volume of the aqueous phase in liters. For the large scale experiments, the 
volume was 4 liters. 
  Organic recoveries (fraction of organic was recovered from the initial amount added) 
for tap water samples were analyzed by adding the entire volume of organic phase 
collected directly into a LSC vial and counting. Thus, the organic recoveries were 
determined volumetrically in the pipette, and were 40% (8 mL/20 mL). The organic 
recoveries for the lake water samples were determined gravimetrically, where the entire 
volume of the PMBP extracted was initially weighed, a 5 mL aliquot removed, and the 
initial PMBP sample was reweighed. The total mass of organic phase used for the LSC 
counting was determined by difference.  The density of the solution was calculated by 
dividing the 5 mL spike mass (in grams) by 5 mL. After calculating the density, the mass 
of the entire PMBP extraction was converted to volume, and was subtracted from 20 mL 
to determine the organic recovery of each individual sample. This was done due to the 
large volume of organic phase present in the lake water samples which would have 
resulted in a volume too large for a single 20 mL LSC vial. The measurement of the 
organic phase recovery is important as it gives an indication of how much of the organic 
phase disperses/solubilizes into the aqueous phase. A low organic recovery may result in 
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a low chemical yield. Therefore, having an organic phase which is relatively insoluble 
and can be easily separated is an important factor to consider.  
 Dissolved organic carbon (DOC) in the lake water and tap water was measured using 
a Shimadzu TOC-VCHS high temperature combustion analyzer equipped with a TN 
(TNM-1) module. Prior to analysis, samples were filtered with a 0.45 μm 
polyethersulfone disk filter, which was pre-rinsed with 200 mL of DDI water and 60 mL 
of sample, followed by acidification to pH 2 with 2 M HCl, and purging for four minutes. 
This resulted in a non-purgeable dissolved organic carbon sample analysis by removing 
inorganic carbon species such as bicarbonate and carbonate. DOC standards were 
prepared by diluting 1000 mg C/L potassium hydrogen phthalate solution in the range of 
0.2-15.0 mg C/L. The minimum reporting level (MRL) for the DOC measurements was 







    CHAPTER FOUR 
4. RESULTS AND DISCUSSION 
4.1 Stable oxidation state actinide results. 
 To evaluate the performance of the two ligands (PMBP and HDEHP), preliminary 
experiments were conducted to determine the chemical yield, or how well each ligand 
was able to selectively remove radionuclides. Since solvent extraction chemistry is based 







Np were used as U(VI), Th(IV), and Np(V) respectively. Due 
to the complicated redox chemistry of Pu, in these preliminary tests Th(IV), Np(V), and 
U(VI) were selected as oxidation state analogs of Pu(IV), Pu(V), and Pu(VI), 
respectively. This decreased the chances that redox reactions may occur.  
 Cyclohexane was chosen as a solvent due to its low solubility (0.0052% w/w in 
water) in the aqueous phase. The initial trials, as seen in Figure  4-1, showed the expected 
nearly complete extraction of U(VI) and Th(IV) with both PMBP and HDEHP in 
cyclohexane. Figure  4-1 is displayed as fraction remaining in the aqueous phase for the 
specific radionuclide in the series on the y-axis, with varying amounts of extracting (in 
mL) on the x-axis. As the volume of 0.5M HDEHP in cyclohexane increased, neptunium 
extraction also increased. This, however, should not occur if neptunium is indeed 
remaining in the +5 state. A possible reason for the increase in extraction may be due to 
HDEHP oxidizing or reducing the neptunium to an extractable oxidation state (+4 or +6), 














Np using A) 0.5M HDEHP in cyclohexane, 
and     B) 0.02M PMBP in cyclohexane with a 175 mL CaCl2 aqueous phase at pH 4.5 for 
PMBP and pH 6 for HDEHP. Extraction times were 30 minutes. 
This effect occurred rapidly with increasing volume of the HDEHP ligand and did not 
occur with the PMBP ligand. Due to this effect PMBP was chosen as the most suitable 
ligand for further extractions. 
 Numerous solvents were examined to determine which was the most suitable for use 































































90% heptane, 10% 1-octanol mixture were all examined for chemical yield. It was 
hypothesized that introducing an organic mixture that contained a small percentage of a 
more miscible solvent (e.g. 1-octanol) may allow for improved phase mixing and thus 
higher chemical yield for the actinides being extracted. Preliminary experiments using a 
1-octanol/heptane mixture, as well as both pure heptane and cyclohexane showed 
promising results. Results from further experiments showed that both cyclohexane and 
the heptane/octanol mixture were the two best performing organic phases and were thus 
selected for further analysis (data shown in Appendix A as Figures A-1 thru A-3 for the 
organic phases not plotted here).  
  To determine the shortest extraction time that would still yield a favorable extraction, 
kinetic experiments were designed using both cyclohexane and the heptane/octanol 
mixture.  The results of the kinetics testing from Figure  4-2 show that extraction time was 
rapid, with roughly 90% of total uranium and thorium being extracted after only 10 













Figure  4-2. A) Extraction of various actinides using 0.02M PMBP in cyclohexane as a 
function of time. B) Extraction of various actinides using 0.02M PMBP in 90% 
Heptane/10% Octanol. 5 mL of organic and 175 mL of aqueous volume was used for 
each.  
An interesting effect also observed in both extractions was the ability to remove Np(V) 
from solution over a period of time. The ability to remove Np(V) is significant because 
current procedures to extract Np(V), such as co-precipitation, require considerably longer 
times to remove Np(V) (up to 400 hours) (Heberling, et al., 2008). It appears similar to 









































































cannot extract actinides in the +5 oxidation state (An(V)), an oxidation or reduction 
reaction appears be occurring in the system. Over all, both extractions showed excellent 
kinetics for use in a method which relies upon rapid extraction, while also offering the 
ability to extract neptunium if that is required.  
 After kinetic data were obtained, testing using 0.02M PMBP in both cyclohexane and 
heptane/octanol was performed to examine the extent of loading (how much U or Th can 
be removed) the PBMP ligand was able to achieve. The results from the loading 
experiments in Figure  4-3 showed that PMBP has the ability to load, or extract, a high 
concentration of both uranium and thorium from the aqueous phase. For the 1000 μg/L 
concentrations, the 175 mL aqueous phase contained 175 μg individually for both U and 
Th (total actinide mass of 350 μg). The final concentrations of U and Th in the organic 
phase for the highest initial concentrations (175 μg total U and Th) resulted in an organic 
concentration of essentially 35,000 μg/L for each radionuclide (175 μg divided by 5 mL 
of organic). The high loading observed is useful since it allows for a wide range of 












Figure  4-3. A) 0.02M PMBP extraction of various actinides as a function of 
concentration using cyclohexane as a solvent. B) 0.02M PMBP extraction of various 
actinides using 90% Heptane/10% octanol as a solvent. Extraction time for both was 30 
minutes using 5 mL for the organic phase and a 175 mL aqueous phase.  Error bars are 
contained within the data points. 
4.2 Influence of constituents – stable oxidation state actinides 
 Experiments involving natural organic matter, represented by fulvic acid (FA) and 






Np(V) in order to 
examine the influence of dissolved organic matter on actinide extraction. Experiments in 
the presence of fulvic acid data (Figure  4-4) showed significant extraction interference 


































































Figure  4-4. A) Extraction of 10 μg/L 
232
Th using 0.02M PMBP in cyclohexane with 
various concentrations of fulvic acid as a function of pH. B) Extraction of 10 μg/L 
238
U 
using 0.02M PMBP in cyclohexane with various concentrations of fulvic acid as a 
function of pH. Concentrations are in milligrams of carbon per liter. Error bars are 
contained within the data points. 
 It is noteworthy that U(VI) does not extract into PMBP/cyclohexane at pH 0 as 
observed in Figure  4-4. This appropriately follows Table 1-2 for the extraction of PMBP 
at pH 0. Fulvic acid (FA), which is a large molecule with no defined structure, will have 
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groups. The major functional groups for humic substances (HS) like fulvic acid are 
considered to be carboxylic and phenolic groups, where the carboxyl pKa generally 
equals around 4 for the carboxylic and around 8 for the phenolic groups (Boggs, et 
al.,1985). Due to these groups, FA is known to be able to complex with metals, including 
radionuclides, which may interfere with extraction (Boggs, et al.,1985).  Therefore, it 
may be expected that some of the extraction observed in Figure 4-4 is due to extraction of 
a Th-FA or a U-FA complex. A set of experiments using cyclohexane without PMBP 
added were performed to examine the potential for FA to serve as an extractant. The 
results for the cyclohexane-only extractions with varying FA concentrations are seen in 



















Figure  4-5. Extraction of Top:
232
Th and Bottom: 
238
U using 3 mL of cyclohexane without 
PMBP and varying FA concentrations.  
Data for 
232
Th with 0 mg C/L FA concentration showed that above pH 3, some thorium is 
not present in the aqueous phase, which should not occur since a ligand is not present. 
This is most likely an effect of thorium precipitation or sorption  to the vial wall, since as 
the concentration of FA increased, the amount of thorium in the aqueous phase also 
increased. With no complexant in either the organic or aqueous phase, this is a relatively 
unstable system and could be easily dominated by precipitation of thorium oxide, 
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sorption of thorium to the vial walls. Since the original intent of these experiments was to 
examine the potential for interference by FA, further experiments examining this 
behavior in PMBP and  FA  free systems are beyond the scope of this work. 
The increase in thorium concentration showed that Th-FA complexes may have been 
forming, and that these complexes are more stable than Th-vial wall sorption reaction. In 
order to limit the effects of thorium and vial wall sorption, each tested had a 0 mg C/L as 
FA sample, as well as a stock sample with the initial concentration of thorium used (10 
μg/L). 
 The entire concentration range of 5-20 mg C/L had a similar complexation effect 
on the thorium in the system, showing that even low concentrations (i.e. 5 mg C/L) had 
sufficient FA to complex strongly with thorium. Based on the potential observation of Th 
binding to the vial walls in the 0 mg C/L experiments, it is difficult to state if these small 
fractions of observed extraction in the presence of FA are due vial wall sorption or to FA 
acting as a solvating extractant. 
  
238
U shows similar behavior among all FA concentrations with relatively little 
extraction occurring, even up to 20 mg C/L FA. The weaker influence of FA on U(VI) 
extraction relative to Th(IV) extraction is expected based on the stronger affinity of 
tetravalent ions to undergo complexation with natural organic matter as compared with 
hexavalent actinides (Silva and Nitsche, 1995). 
 Figure  4-6 shows that HA had a much stronger complexation effect (as compared 








Figure  4-6. A) Extraction of 10 μg/L 
232
Th using 0.02M PMBP in cyclohexane with 
various concentrations of humic acid as a function of pH. B) Extraction of 10 μg/L 
238
U 
using 0.02M PMBP in cyclohexane with various concentrations of humic acid as a 
function of pH. Concentrations are in milligrams of carbon per liter as HA. 
As the pH of the system increased, the complexation of both the uranium and thorium in 
the system also increased. The complexation of the uranium was overall less than the 
complexation of the thorium, which is denoted by the increased aqueous concentration of 
the thorium  across the entire pH range. The aqueous concentration increase is most 
likely due to Th-HA complexes preventing the Th from being extracted. In order for this 





























































20 HA (mg C/L) 
41 
 
complexes in the system. Extractions using only cyclohexane without PMBP or HDEHP 





Figure  4-7.  Extraction of A) 
232
Th and B) 
238
U using 3 mL of cyclohexane without 
PMBP and varying HA concentrations.  
Generally, at low pH values a slightly greater amount of Th(IV) extraction occurs in the 
presence of FA and HA relative to the FA and HA free samples. In both cases, little 
extraction of U(VI) is observed in the absence of FA, HA, and PMBP. It is unclear why 
the extraction of Th(IV) in 0 mg C/L systems for FA (Figure  4-5) and HA (Figure  4-7) 
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hydrolysis/precipitation and/or sorption to vial walls significantly complicates these 
systems with no complexing ligand in either the organic or aqueous phase. Thus the 
scatter in the data could be due to a mixture of these reactions occurring. The observation 
that the uranium data in FA and HA free systems are relatively consistent and the fact 
that we would not expect strong sorption of U(VI) to vial walls or precipitation at this pH 
range supports this hypothesis. However, as noted above, a detailed understanding of 
these ligand free systems is beyond the scope of the current work.  
 The data from NOM testing in Figure  4-4 and Figure  4-6 may be indicative of 
hydrophilic NOM-An complexes forming within the system that have greater 
complexation strengths than that of the PMBP-An complexes. Further evidence of 
hydrophilicity of the FA and HA complexes is shown in Figure  4-5 and Figure  4-7, where 
complexation between 
232
Th and FA is evident (i.e. increased concentration of thorium 
for 5-20 mg C/L over 0 mg C/L), and these complexes resulted in higher aqueous phase 
concentrations. As previously discussed for FA, both fulvic and humic acids have a wide 
range of function groups that can bind strongly to metal ions and metal oxide surfaces, 
which in turn gives the ability to form strong complexes with actinide ions (Chen & 
Wang, 2007; Boggs, et al.,1985). Although humic substances are not well defined 
chemical species, they all have functional moieties namely hydrophilic and hydrophobic 
fractions. Figure  4-4 shows that the fulvic acid complexes that dominate may be 
comprised of a large amount of hydrophilic components as demonstrated by the clear 
trend of increased FA leading to an increased amount of both thorium and uranium in the 
aqueous (hydrophilic) phase. This also appears to be the case for HA, as indicated by the 
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relatively high concentrations of thorium in the aqueous phase, as seen in Figure  4-6. In 
addition to these trends, it is also noticed from both Figure  4-4 and Figure  4-6 that 
thorium shows greater complexation with both FA and HA versus uranium, which agrees 









 (Rizkalla and Choppin, 1994).   
 Previous research (Schlautman, et al., 1992) has postulated that molecular 
characteristics of both humic and fulvic acids may impact their adsorption behavior. 
Though the number of carboxyl functional groups on HA and FA are proposed to be 
similar, approximately five per molecule for fulvic and humic acids, location and 
distribution differences of the carboxyl groups exist to such an extent as to allow for 
different bonding characteristics for each. Schlautman et al., (1992) also reported that 
humic acid contains three phenolic groups on average, while fulvic acid contains 
approximately one to two. Due to these structural differences two major observations 
were made by Schlautman: 1) humic acid adsorption was greater than fulvic acid 
adsorption in identical solutions, and 2) fulvic acid showed a greater dependence on pH 
than humic acid. Figure  4-4 and Figure  4-6 agree with observations of Schlautman et al. 
(1992) of greater humic acid adsorption (though in this case greater sorption is taken as 
the equivalent of greater complexation leading to less extraction of the actinides), which 
resulted in a clear trend of humic acid samples showing a greater extraction interference 
than the fulvic acid samples did.  
 The final consideration is whether NOM concentrations in natural waters will have a 
significant impact on the overall extraction procedure developed in this work. As a 
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suitable environmental references to this system, total organic carbon (TOC) levels for 
the South Carolina region were found to range between 1-11 mg C/L for a drinking water 
treatment inlets (raw water) (Karanfil, et. al., 2010). Though all of the total organic 
carbon is certainly not comprised of all humic or fulvic acids, nor is it all dissolved 
organic carbon (DOC), this maximum range shows that even with high (11 mg/L) levels 
of certain areas, the method would still be viable at extracting both uranium and thorium 
from a raw drinking water source. Although the chemical yield may decrease due to the 
presence of NOM, the data indicate that some extraction will still occur even at relatively 
high NOM loadings. As the intent of this method is only to provide an indication of the 
presence of actinides, this influence on the chemical yield is deemed acceptable.   
4.3 Radiotracer experimental results.  
 Preliminary plutonium experiments using a Pu(IV) 
238
Pu stock solution resulted in 





U are displayed in Appendix A as Figure A-4 through A-7) 
and known to have a high efficiency for Pu, extraction was postulated to be low as a 
result of the extraction. As a result, and the understanding that plutonium can exist in a 
range of oxidation states in an aqueous solution (Schramke, et. al., 1988), further analyses 
were done using NaHSO2, NaNO2, H2O2, and fulvic acid in an attempt to alter the 
oxidation state of Pu into one that is extractable. After numerous trials with various 
reductants, NaNO2 was chosen due to its ability to improve plutonium extraction 
(Table  4-1). To better understand what the oxidation states of the plutonium in the system 
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were after the addition of NaNO2, oxidation state analysis was performed on the stock 
with samples as described in the materials and methods section. 
Table  4-1. Comparison of extraction of 
238
Pu using various reductants in a 30 mL 
aqueous volume with 5 mL of 0.02M PMBP in cyclohexane. Error propagation as n=1. 
Sample pH 
Fraction Remaining in 
Aqueous (%) 
10 mmol NaHSO4 4.5 58.0 ± 1.3 
10 mmol NaNO2 4.5 20.8 ± 2.1 
10 mmol NaNO2 7 11.7 ± 2.2 
0.6% H2O2 4.5 60.6 ± 1.3 
0.6% H2O2 7 26.6 ± 2.0 
5 mg/L FA 4.5 41.6 ± 1.7 
 
The results from Table  4-2 show that the stock solutions with no NaNO2, as well as the 
stock with no adjustments made contained an appreciable amount of Pu(VI), while 
sample 2 (pH 4.5) contained a relatively high amount of Pu(V). 
Table  4-2. Results of oxidation state analysis of 
238









None 12 ± 2 4 ± 1 84 ± 2 
pH 4.5 24 ± 4 16 ± 3 59 ± 5 
0.01M NaNO2 – pH 4.5 17 ± 3 0 ± 1 83 ± 3 
0.01M NaNO2 – pH 0 13 ± 2 4 ± 1 83 ± 2 
Since the no adjustment sample, and the two NaNO2 samples had similar results to one 
another, and the pH 4.5 sample had very different results, it is assumed here that the pH 
4.5 samples results are not trustworthy. It is postulated that the improved NaNO2 
extractions are a result of NaNO2 holding plutonium in the Pu(VI) or Pu(IV) oxidation 
state. Since previous results (Figure  4-2) have shown that PMBP has the ability to oxidize 
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or reduce Np(V), it is likely that PMBP may be having a similar effect on the plutonium. 
If this is the case, it may be possible that Pu(VI) is being reduced to Pu(V) during 
extraction, resulting in the reduced chemical yield when NaNO2 is not present. Equally 
important to note was that the samples (both aqueous phase and bottle) containing 
NaNO2 rapidly turned a light brownish color within 1 hour after mixing, possibly 







  NO + H2O may be the oxidizing species in producing Pu(VI).  With this, 
all further extractions for the smaller scale analyses were done with a 0.01M NaNO2 
aqueous phase. The larger scale 4 L samples never contained NaNO2.  




Pu stock containing Pu(V) was used for extraction 
experiments to determine how efficiently the system was able to extract a solution 
containing mostly Pu(V). Previous research has proposed that Pu(V) may be the sole or 
predominant form of oxidized plutonium in natural waters (Orlandini, et. al., 1985), thus, 
ensuring extraction of Pu(V) is possible is important for this methods validity. Initially, 
the 
238
Pu(V) stock was analyzed using the oxidation state analysis procedure described 
above. The findings are displayed in Table  4-3.  
 Table  4-3. Oxidation state analysis of 
238
Pu(V) stock solutions. Error propagation as n=1. 
 
 








1.4 ± 0.15 93.5 ± 3.3 5.0 ± 3.3 
2 
0.01M NaNO2 - pH 
4.5 
5.1 ± 0.86 12.8 ± 1.6 82.1 ± 1.8 
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This resulted in similar findings as seen in Table  4-2, which show that the addition of 
NaNO2 at pH 4.5 results in oxidation of Pu(V) to Pu(VI). This is an interesting 
observation regarding the influence of nitrite on Pu oxidation states as NaNO2 is 
commonly added to acidic Pu solutions to generate a solely Pu(IV) solution (Maxwell 
and Culligan, 2006). Extractions using the 
238
Pu(V) stock in a 0.01M NaNO2 aqueous 
phase showed excellent extraction of plutonium, where triplicate samples indicated  only 
14.6 ± 6.3% remaining in the aqueous phase. The results of the 
238
Pu(V) extraction 
experiments compare well to the oxidation state analysis of 
238
Pu(VI&IV) in a 0.01M 
NaNO2 aqueous phase, with a composition of 5.1 ± 0.86, 12.8 ± 1.6, and 82.1 ± 1.8 for 
Pu(IV), Pu(V), and Pu(VI) respectively, resulting in only around 13% of Pu(V) 
remaining in the aqueous phase. In this experiment, error propagating was done within a 
95% confidence interval with n=3. The remaining Pu(V) exists as unextracted plutonium, 
which is not oxidized or reduced within the short extraction time used. Overall, the 
results from the plutonium extraction experiments conclude that plutonium is highly 
extractable by this method regardless of the initial oxidation state of plutonium in the 
system and thus the method is robust for plutonium extraction. 
4.4 Influence of constituents – radiotracers 
4.4.1 233U results 
 Experiments examining the influence of Fe(III) on actinide extraction by varying 
Fe(III) concentrations were analyzed using 0, 0.2, 2.0, and 20.0 mg Fe(III)/L 
(Figure  4-8). This was done using 
233




Figure  4-8. 
233
U extraction as a function of iron concentration in a 30 mL 0.01M NaCl 
solution with 56 Bq/L of uranium (6.8x10
-10
 M). Error propagation as n=1. 
The data from the iron and uranium testing in Figure  4-8 show as the concentration of 
iron increases, the chemical yield of the PMBP decreases, albeit not a major increase is 
seen with a roughly 10% loss of chemical yield from 0 mg/L to 20 mg/L Fe(III). Based 
on the observed increase in color for the organic phases seen in Figure  4-9, it is assumed 

































Figure  4-9. A photograph displaying the visible differences in the color of the organic 
phase after a 30 minute extraction of various concentrations of Fe(III); concentration goes 
from left to right as 0, 0.2, 2.0, and 20.0 mg Fe(III)/L as Fe(NO3)3. 
The results of the color changes are likely due to the fact that PMBP has the ability to 
extract Fe(III) from the aqueous phase at pH 4.5 since An(III) are able to be extracted 
(Table 1-2). Previous research has already employed the use of PMBP to extract Fe(III) 
from aqueous samples (Liang, et. al., 2006). Therefore, iron may present a concern for 
the efficiency of the method if found in high concentrations. Concentrations as high as 20 
mg Fe/L, however, are not generally the case for drinking water due to the inherently low 
solubility of Fe(III) minerals. Though iron is found in all natural drinking water systems, 
the Environmental Protection Agency sets a Secondary Maximum Contaminant Level of 
0.3 mg/L iron in drinking water (EPA, 2011). Despite the fact that Figure  4-8 does show 
a definite effect of iron interfering with the extraction of uranium, the levels at which iron 
will be typically found (e.g. 0.3 mg/L or less) should not cause a major interference with 
the method. Even if extremely high levels of iron (e.g. two orders of magnitude over the 
EPA MCL) were to occur during an extraction using this method, the 20.0 mg Fe/L 
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extraction in Figure  4-8 shows that only a roughly 15% increase in the retention of 
233
U 
in the aqueous phase would occur across the concentration range of 0.2 to 20.0 mg 
Fe(III)/L, which would not cause a failure in the method. 
4.4.2 238Pu results 
 Building upon the redox manipulation studies discussed above, the interaction 
between plutonium and natural organic matter was analyzed using the fulvic and humic 
acids (Section 3.1). Figure  4-10 below shows the extraction of 
238
Pu in the presence of 





Figure  4-10. 
238
Pu(VI & IV) extraction of 56 Bq/L (3.7 x10
-13
 M) in a 0.01M NaCl 
aqueous phase with 0.01M NaNO2 at pH 4.5 with a 30 minute extraction time. A) PMBP 
extraction using various amounts of fulvic acid as a function of pH. B) PMBP extraction 













































































20 HA (mg C/L) 
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The resulting data showed that plutonium extraction followed a similar trend to that 
observed with both uranium and thorium from Section 4.2. Since the plutonium in this 
system is made up of roughly 17% Pu(IV) and 83% Pu(VI), the fractionation will be 
slightly mixed as seen in Figure  4-10. PMBP is unable to extract Pu(VI) below pH 3, 
while Pu(IV) is extractable at all pH ranges. Confirmation of this is seen in both figures 
above where roughly 80% of Pu is remaining in the aqueous phase at pH 0 and 3 in both 
the HA and FA solutions (Figure  4-10). At this pH range, plutonium is mostly in the 
Pu(VI) oxidation state (Table  4-2). Additionally, HA and 
238
Pu show similar trends in 
interaction as discussed in Section 4.2 where HA appears to have a greater influence on 
extraction, as well as a more consistent extraction across a large pH range. Fulvic acid 
shows a greater dependence on pH in terms of extraction interference, as well as a lower 
overall interference as compared to humic acid. Once again, it appears that humic acid 
complexes the highest amount of plutonium in the aqueous phase, though the expected 
levels of humic substances found in drinking water (Karanfil, et. al., 2010) may not be 
high enough to cause failure of the method. Appendix A-4 details the extractions using 
only cyclohexane without PMBP present in the organic phase. Without PMBP, the 
extractions all remained within 98% of the aqueous phase. 
 Iron(III) experiments using 
238
Pu(VI & IV) were performed following the same 
protocol as 
233









Figure  4-11. 
238
Pu(VI & IV) extraction of 56 Bq/L (3.7 x10
-13
 M) and Fe(III) using a 30 
mL 0.01M NaCl/0.01M NaNO2 aqueous phase and a 5 mL 0.02M PMBP organic phase. 
Error propagation as n=1. 
The data from Figure  4-11 show that the plutonium analyses resulted in a similar trend 
with higher concentrations of iron, with the exception of the 0.2 mg Fe/L sample, as 
compared to the 
233
U iron experiments. The plutonium appears to have more interference 
than the 
233
U sample, which may be due to plutonium having a +4 oxidation state 
component in the system, which may be more favorably extracted versus the +6 oxidation 
state.  Furthermore, the half-life of 
238
Pu is 87.7 years, while 
233
U has a half-life of 
1.59x10
5 
years, giving plutonium a much higher specific activity. This results in a sample 









M, respectively. With the lower molar concentration of 
238
Pu, there may be sufficient 
PMBP to extract Pu despite the apparent simultaneous extraction of Fe(III). When the 
concentration of iron increases to 2 to 20 mg Fe(III)/L, a larger fraction of plutonium 
remains in the aqueous phase as compared to the uranium extractions in Figure  4-8. This 



























Iron(III) Concentration (mg Fe/L) 
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results in PMBP preferentially extracting the iron at elevated concentrations.  Despite the 
observed decrease in the extraction of plutonium in the presence of high levels of iron, 
some extraction still occurs indicating the method can still successfully determine the 
presence of plutonium even at high iron concentrations.  
4.5 Back extractions using radiotracers 
    Back extractions of the organic phase into an aqueous phase (e.g. a strong acid) offer 
the ability to analyze the radionuclides extracted by the system. Though the overall 
method of this thesis is to determine a “yes/no” signal for alpha-emitting radionuclides, 
back extractions offer the ability to expand the method if desired. Previous research on 
the back extraction of thorium from a PMBP-benzene organic phase using 6M HCl 
solutions showed excellent results; both in terms of rapid kinetics and high efficiencies 
(Wei-fan, et. al., 2003). In addition, using acids such as HCl or HNO3 as an extractant 
allows for the ability to add the extracted actinides directly to a column (e.g. anion 
exchange resin) in the separation of various actinides such as uranium and plutonium 
without any additional steps. This simplifies the system in terms of chemistry, as well as 
maintains the rapid kinetics requirement of the method. Once back extracted, an 
individual using this method is able to run any sort of investigation on the radionuclides 
they desire (e.g. column separation), leaving the method open source for numerous 
analyses. 
 Back extractions using 20 mL of an organic phase (0.02 M PMBP in cyclohexane) 
with a 
233
U concentration of (3.2 ± 0.03 Bq/mL) were performed. This was done with 8M 
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HNO3 by taking 2 mL of 
233
U loaded PMBP and mixing with 2 mL of nitric acid for 
various mixing times. 
Table  4-4. 233U back extractions with 8M HNO3 using a mL 3.2 ± 0.03 Bq/mL organic 
phase. Error propagation as n=1. 
 
The data in Table 4-4 agree with the findings of Wei-fan et al., (2003) both in rapid 
extraction and high efficiency of actinide extraction from the organic phase into an 
aqueous phase. In just 2.5 minutes, approximately 99% of the uranium is back extracted 
into the aqueous phase. Therefore, extractions using 8M HNO3 provides a good 
extractant if further analyses of the organic phase is required. 
     Back extractions on the 
238
Pu 3.6±0.02 Bq/mL organic phase (0.02M PMBP in 
cyclohexane) performed using 8M HNO3 resulted in near total stripping of plutonium 
from the organic phase. Less than 2% of the 
238
Pu remained in the organic phase after as 
little as 2.5 minutes (Table 4-5). The extent and kinetics of the back extraction compare 
well with results with uranium. 
Table  4-5. 238Pu(V) back extractions with 8M HNO3 and 9M HCL using a 3.6 ± 0.02 Bq/mL 
organic phase. Error propagation as n=1. 
Sample Time (min) 
Fraction Remaining in 
Organic Phase (%) 
8M HNO3 1 2.5 0.70 ± 0.4 
8M HNO3 2 5 1.53 ± 0.4  
8M HNO3 3 10 0.84 ± 0.4 
 
Sample Time (min) Fraction Remaining in 
Organic Phase (%) 
8M HNO3  2.5 0.92 ± 0.6 
8M HNO3  5 0.51 ± 0.4 
8M HNO3  10 0.46 ± 0.4 
 
4.6 Full Scale Method 
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4.6.1 Stable oxidation state actinides 





Th as discussed in Section 3.1. Neptunium was not included due to the large 
volume of sample (and thus the large volume of 
237
Np waste that would have been 
generated which is more costly to dispose of than thorium and uranium waste at the 
concentrations used). The actinide stable oxidation state analogs were extracted into the 
organic phase, and the aqueous phase was analyzed via ICP-MS to determine a 
preliminary method, including the amount of time that extraction would require. A 4 L 








 M) in 
a 4 liter polypropylene narrow mouth bottle followed by 20 mL of 0.02 M PMBP in 
cyclohexane. Due to previous iron interference analysis testing, iron was included as an 
ICP-MS analyte (only natural iron in the tap water was analyzed, no additional iron was 
added) to determine the degree of extraction during the various extraction times as seen 
in Figure  4-12.  
 








 M)  in a 4 liter 




































As the time of extraction increased, the amount of uranium in the aqueous phase also 
increased from 10.4, 5.0, 7.5, and 10.2 μg/L for 0, 60, 180, and 600 minutes respectively. 
The loss of uranium from the organic phase back into the aqueous phase may be due to 
constituents such as iron or natural organic matter in the water. The fraction remaining of 
238
U in the aqueous phase after 60 minutes also resembles the fraction of 
233
U in the 
aqueous phase for the higher concentration 2, and 20 mg iron(III)/L samples from 
Figure ‎4-8. 
233U
 extraction as a function of iron concentration in a 30 mL 0.01M NaCl 
solution with 56 Bq/L of uranium (6.8x10-10 M). After 60 minutes the degree of U 
extracted was the highest out of any sample time, thus extraction time for the larger scale 
4L method was chosen to be 60 minutes.  
4.6.2 Radiotracer full scale method 
 After determining the length of extraction required from the previous section, spikes 
of 1.67 Bq of 
238
Pu(VI & IV) and 
238
Pu(V) were added to 4L (0.42 Bq/L) portions of tap 
water, resulting in a concentration of 2.8x10
-15
 mol/L, and then extracted following the 
same protocol described above. Equally important to note was the reanalysis of 
238
Pu(V) 
stock indicated 93 ± 3% Pu(V), and 3-4% Pu(VI) and Pu(IV). Therefore, the observed 
extraction of plutonium as discussed below implies Pu(V) was either oxidized or reduced 
during the extraction. The results of several extraction experiments are shown in 
Table  4-6. The MDC calculation is described in Section 3.3. 
57 
 
Table  4-6. Extraction of 0.42 Bq/L of 
238
Pu(VI&IV) and 0.42 Bq/L of 
238
Pu(V) from a 4 
L tap water volume using 20 mL of 0.02M PMBP in cyclohexane. Count times were 10 
minutes. The detection efficiency for 
238
Pu was 0.94 based on efficiency curves shown in 











Pu(VI&IV) 1 6 ± 0.8 0.24 ± 0.02 0.28 7.1x10
-2 
238








Pu(VI&IV) 4 6 ± 0.8 0.21 ± 0.02 0.33 8.1 x10
-2
 
     
238

















Pu(VI & IV), and 
233
U(VI). These experiments showed slightly higher plutonium 
extractions than the tap water. However, the amount of uranium extracted was lower. 
Data are shown in Table  4-7. The average and standard deviation for plutonium and 
uranium organic extractions and resulting LSC analyses were 55.0 ± 6.0 and 77.2 ± 8.6% 
in the aqueous phase, respectively (95% confidence where n=3). The plutonium average 
and standard deviation were taken using all six extraction experiments reported in 









Pu(VI & IV), and 
238
Pu(V) from a 4 L lake 
water volume using 20 mL of 0.02M PMBP in cyclohexane. Count times were 10 




U were 94%  and 100%, respectively, and 
efficiency curves are shown in Appendix A. Error propagation based on counting 
statistics n=1. 
Sample Chemical Yield 
Background 
Count (cpm) 
MDA (Bq) MDC (Bq/L) 
238









Pu(V) 3 0.49 ± 0.03 4 ± 1.2 0.12 2.9x10
-2
 
     
238





Pu(VI&IV) 2 0.44 ± 0.03 6 ± 1.6 0.16 3.9x10
-2 
238
Pu(VI&IV) 3 0.44 ± 0.04 6 ± 1.6 0.16 3.9x10
-2 
     
233
U 1 0.19 ± 0.05 31 ± 4 0.74 1.8x10
-1 
233
U 2 0.22 ± 0.06 31 ± 4 0.64 1.6x10
-2 
233
U 3 0.27 ± 0.06 31 ± 4 0.51 1.3x10
-1 
 
An interesting result of 
233
U testing is that 
233
U did not behave identically to 
238
U in terms 
of chemical yield. This is clearly shown in Figure  4-8 where the 0 mg Fe(III)/L sample 
had 33% remaining in the aqueous phase and in Table  4-7 where 
233
U full scale 
extractions had an chemical yield of 20%. Previous ICP-MS actinide stable oxidation 
state sampling has shown that 
238
U chemical yield may vary, however, the maximum 
previously reach was around 20% (Figure  4-3) for small scale samples and 49% for the 
4L testing (Figure  4-12). In order to better understand this issue, experiments were 
performed with 
233
U that included 56 Bq/L (0.16 μg/L or 6.9x10
-10
 M) in 30 mL, as well 
as 5.6x10
3
 Bq/L (16 μg/L or 6.9x10
-8 
M) in 30 mL, the latter being used to represent a 
sample that was within the range of previously ran ICP-MS experiments. These 
experiments resulted in the data displayed in Table 4-8. 
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Table  4-8 
233
U Extractions using varying concentrations. Error propagation as n=1. 
 
Sample (Bq/L) pH Fraction Remaining 
in Aq Phase (%) 
56 4.52 33.3 ±  3.1 
56  5.09 39.4 ± 2.0 
5,556 4.53 30.8 ± 0.33 
5,556 5.02 43.3 ± 0.29 
 
The results from this experiment show that the concentration was not to blame for the 




U stock solutions since both stocks had 
comparable fractions remaining in the aqueous phase.  
 An interesting result of Table  4-8 was the difference in the extraction at pH 4.5 and 
pH 5. Uranyl carbonate species are known to be extremely stable and have been seen to 
be the main species in aqueous systems throughout a wide range of pH (Bernhard, et al., 
1998). Due to this, it was postulated that formation of soluble uranyl-carbonate 
complexes may be influencing the extraction. The total alkalinity (as total CaCO3) of the 
water samples was determined to be 12.0 and 14.7 mg CaCO3/L for lake water and tap 
water, respectively. These values are too similar to have uranyl-carbonate species cause a 
25% difference in chemical yield between the 
238
U tap water and 
233
U lake water sample. 
A visual MINTEQ model of uranium speciation with a varying CaCO3/L alkalinity at pH 




Figure ‎4-13. Uranyl-carbonate speciation model prepared on visual MINTEQ with a 12 
mg/L total CaCO3 alkalinity. 
 
This value agrees well with the amount of uranium remaining in the aqueous phase and 
thus carbonate complexation may be playing a major role in preventing uranium 
extraction. A major difference between the 
233
U lake water and 
238
U tap water 
experiments, however, is the total uranium concentration of these systems. The 1.56 Bq 
of 
233
U has a molar concentration of 5.2x10
-11
 mol/L total U, while 
238
U samples had a 
concentration of 10 μg/L or 4.2x10
-8 
mol/L U. In addition, 
238
U samples never had 
extractions preformed below 4.2x10
-8





U extractions in 4L may be due to  may be due to influence of the water chemistry 
on the uranium speciation where the lower concentration 
233
U system exhibits a greater 
response to relatively similar water chemistries. 
 To address the possibility of carbonate in the 
233
U stock causing poor extraction 
results, a 0.1292 g aliquot of 1,440 Bq/g 
233
U in 0.01M NaNO3 stock was dried down in a 
5 mL Teflon vial and reconstituted with 0.01M HCl. This was done to remove carbonate 
































Alkalinity as CaCO3 (mg/L) 
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extraction.  The stock was then diluted to a 1.56 Bq /g solution in DDI. The result of the 
testing concluded that drying down of the stock solution had no direct effect in the 56 
Bq/L samples, resulting in similar chemical yield of 32±3% for the dried down stock at 
pH 4.5 (where n=1 for the number of samples processed). Removing the carbonate from 
the system, however, is not always easily accomplished. Though an attempt was made to 
do so, it is possible that the stock still contained an appreciable amount of carbonate even 
after drying down. 
 Another possibility besides the influence of carbonate may be a result of 
contamination of the stock solution. The 
238
U stock is a pure stock that is certified for its 
purity, while the 
233
U stock was an older stock solution purified by ion exchange 
chromatography. Therefore, there may be some bleed of the organic material from the 
column into the stock solution. The organic material may be present, which may be 
complexing with uranium, keeping it in the aqueous phase (as seen with HA and FA 
studies). 
4.7 Discussion of Detection Limits 








 M) for lake water and tap water respectively, while uranium in lake water 
had an average MDC of 0.16 Bq/L (1.9x10
-12
 M). The difference in the plutonium MDC 
values may be the result of both improved recovery of the organic fraction, as well as the 
addition of gravimetric determination of the PMBP sample volume for the lake water. An 
average of 40% recovery was seen for tap water samples since all recoveries had between 
8-8.5 mL of organic recovered from the initial 20 mL (determined via pipette). It is 
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noteworthy to state that the background on the uranium samples was high due to very low 
recovery of uranium which resulted in a poor alpha spectrum. This required that the full 
LSC spectrum (channels 10-2000) be used to measure any notable activity since an actual 
peak was not observed as with the plutonium samples. The plutonium samples were able 
to be reduced to a much smaller range of channels due to a more resolved peak, and thus 
a lower background was achieved. 
 Limits of detection (LOD), defined as the smallest concentration (or mass) of analyte 



















M) is frequently reported for actinides (Pietrzak, et al., 1998). These 
reported values for plutonium are higher in respect to molar concentrations to the MDC 
(or LOD) reported in this thesis, where 
238
Pu was detected at and MDC of 2.1x10
-16 
M in 
lake water. Additionally, LOD and MDC have been found to be comparable to one 
another in studies (Janiga, et al., 2008). Techniques that improve on LOD, such as fission 
track analysis (FTA), a more sensitive technique with an MDC of 34x10
-6
 Bq/L (Yadav, 
et al., 2011) generally require arduous chemistry, difficult procedures, and long intervals 
to complete (e.g. four weeks for FTA). Though FTA is still three orders of magnitude 
below the reported MDC for this paper, there is a significant tradeoff in terms of 
detection time, training, and chemical processing. 
   The Environmental Protection Agency established a gross alpha limit of 15 pCi/L or 
0.55 Bq/L as a regulatory limit for the Safe Drinking Water Act (SDWA), while the 
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detection limit is established as 0.1 Bq/L as discussed in Section 1. Both of these values 
are an order of magnitude higher than the results obtained by this thesis work for 
plutonium, showing that the method is viable for use as an application for plutonium 
detection in drinking water. The 
233
U results achieve an average of 0.16 Bq/L which is 
slightly higher than the 0.1 Bq/L detection limit for gross alpha. Additionally, the 0.16 
Bq/L MDC for uranium is comparable to the lowest results experimentally tested by 
Duffey et al., (1996) which had a concentration of total uranium of 0.16 Bq/L. It is 
noteworthy that uranium is regulated in the SDWA at 30 μg/L. This mass concentration 
with a natural isotopic distribution of uranium will result in a 0.79 Bq/L concentration, 
which is itself, higher than the drinking water standard. Therefore this method and the 
method described by Duffey et al., (1996) are both capable of measuring uranium below 
the drinking water standard.  
 In this method, the time required from initial mixing to detection included 1) a one 
hour mixing, 2) a 10 minute separation, 3) a 10 minute centrifugation, 4) a 10 minute 
sample extraction (including weighing and removing a 5 mL spike for LSC), and 5) a 10 
minute count time per sample. The result is a total of roughly 1 hour and 40 minutes to 
conduct the method and produce a result.  To keep the method rapid, 10 minutes was 
chosen to be a suitable count time, although further count times would improve (lower) 
the MDC. The amount the MDC would decrease can be estimated as follows: If a one 
hour count time was used, and the count rate for the background and sample remained 
roughly the same (when samples contain PMBP, there is a consistent background of 4-6 
cpm), the average MDC for plutonium would be 1.0x10
-2 
Bq/L. Though this is a 
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reasonable improvement in MDC, using the 10 minute count time allows for a more rapid 
detection while still maintaining an order of magnitude under the EPA SDWA limit of 
0.55 Bq/L.  
 Though not quantitative, the method is valid in producing a “yes/no” answer in terms 
of alpha emitters present in drinking water. The method produced by this thesis also 
shows to be a viable option for measuring alpha emitting radionuclides in drinking water 
as a low-cost option that offers the ability to monitor on a more frequent basis. As 
previously discussed in Section 1, low-cost LSC instruments can be purchased cheaply 
(one unit costs $12,000), which is attractive compared to the cost of monitoring 
methods/instruments discussed in the Chapter one. The method is also comparable in 
terms of detection level to the more arduous radiochemical techniques’ discussed in 










      CHAPTER FIVE 
5. CONCLUSIONS 
 
 Overall, this method successfully extracts both uranium and plutonium in low 
concentrations in large aqueous volumes rapidly, and is able to detect these radionuclides 
using a simple LSC technique that confirms or denies that activity is present. This 
successfully meets the original intent of the method, in which a large aqueous volume is 
able to be rapidly analyzed for radionuclides. Additionally, this work has shown that the 
influence of Fe(III) and DOC is such that extraction can be limited by their presence. 
This limitation, however, is not enough to prevent this method from the ability to 
successfully perform extractions within the original scope of the work, and the 
extractions using both lake and tap water have shown that the method is indeed effective 
using drinking water sources. Overall, though the method is not intended to be used as a 
quantitative tool, it has been successful in the ability to indicate the presence of 
radionuclides.  
 This thesis method also performs equally as well in terms of detection limits as 
other methods that are able to detect radionuclides in drinking water for plutonium, as 
previously described in chapter one. The PERALS detection method has a lower 
detection limit for uranium (with more sample preparation required), and offers the 
ability to do more advanced analyses (such as isotopic ratios), and offers a better energy 
resolution (Aupiais, 2005). However, the method developed in this work requires little or 
no pH adjustment or pre-concentration step.  It is a simple system that results in a 
66 
 
“yes/no”  answer for the presence of alpha emitting radionuclides.. Additionally the back 
extraction method of this thesis allows for further analyses, such as isotopic 
identification, on more advanced instruments (e.g. thermal ionization mass spectrometry 
or TIMS). While the ligands used in other solvent extraction schemes such as the 
PEARLS system are different, the influence of organic ligands shown in this work should 
be similar. Therefore, aspects of this work can be used to qualitatively inform chemical 
yield’s obtained in other solvent extraction systems.  











 g/L) for lake water and tap water, respectively, while uranium in 
lake water had an average MDC of 0.16 Bq/L (2.0x10
-12
 g/L). The Safe Drinking Water 
Act (SDWA) sets a gross alpha limit (as per EPA) of 15 pCi/L or 0.55 Bq/L as a 
regulatory limit, which is an order of magnitude above the reported MDC averages for 
plutonium as discussed in the previous section. It is clear that this method has the ability 
to be successful in the monitoring of water samples for plutonium within the original 




     CHAPTER SIX 
6. FUTURE WORK 
 
 A useful addition to this work would be a detailed examination of the influence of 
carbonate on uranium chemical yields. Presumably the higher chemical yields obtained in 
the pH 2, sulfate buffered PEARLS extractions are due to the lower pH which minimizes 
the influence of carbonate (Duffey, et al., 1996).The low chemical yield was the biggest 
limitation in the determination of uranium concentrations. Additional work may also be 
able to improve the percent recovered of the organic phase in the larger 4 L sample 
volumes. This may be possible by changing the type of container used, and varying the 
amount of time the sample is shaken for. Ultimately, the most precise way of extracting 
this larger volume would be to first centrifuge it to completely separate the phases. This 
of course is quite difficult with a 4L volume. Another way to improve efficiency may be 
to use a larger separatory funnel (possibly a 4L funnel) that is able to contain the entire 
volume, reducing the need for multiple aliquots to pass through a smaller funnel. This 
may result in less organic lost to the sides of the funnel, and may also allow for better 
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7. DATA APPENDICDES  
 
Appendix A – Additional Plots 
 
 
Figure A-1. Extraction of various radionuclides with 1 mL of heptane and 0.02M PMBP. 
 
 
Figure A-2. Extraction of various radionuclides with 1 mL of 10% octanol / 90% 


















































































Figure A-3. Extraction of various radionuclides with 1 mL 10% octanol and 90% heptane 














































Figure A-4. A) Extraction of 238Pu in various concentrations of fulvic acid using 
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Figure A-5. Pu(VI&IV) and Pu(V) detection efficiency calibration plot where the 
efficiency is equal to the slope. 
 
 
Figure A-6. U(VI) detection efficiency calibration plot where the efficiency is equal to 
the slope of y. 
 
  
y = 0.9401x + 0.7152 
























Known activity of 238Pu in sample (dpm) 
y = 0.9923x + 0.6119 


























Sample activity of 233U  (dpm) 
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Appendix B – Raw Data 
 








Stock 4.229 0.9713 4.491 
1 mL Cyclohexane 
PMBP 
0.6556 1.012 0.176 
3 mL Cyclohexane 
PMBP 
0.3087 0.9903 0.07583 
5 mL Cyclohexane 
PMBP 
0.1012 0.9702 0.02306 
1 mL Cyclohexane 
HDEHP 
0.6556 1.012 0.176 
3 mL Cyclohexane 
HDEHP 
0.3087 0.9903 0.07583 
5 mL Cyclohexane 
HDEHP 
0.1012 0.9702 0.02306 
 
 


























Stock 10.7 1.058 12.33 10.7 1.058 12.33 
10 Minute 
Extraction 
0.8058 1.012 1.619 1.072 1.102 0.7006 
30 Minute 
Extraction 
0.6454 0.9621 1.367 0.3152 1.095 0.1721 
60 Minute 
Extraction 































17.39 1.021 71.46 
100 ppb 
Cyclohexane Stock 




3.992 1.015 17.56 
10 ppb 
Cyclohexane Stock 




1.556 0.9675 1.988 
1000 ppb 10/90 
Oct-Hept Stock 
919.75 1.021 1037.10 
1000 ppb 10/90 
Oct-Hept Sample 
6.199 1.112 10.91 
100 ppb 10/90 
Oct-Hept Stock 
91.8 1.010 103.7 
100 ppb 10/90 
Oct-Hept Sample 
3.132 1.1 1.46 
10 ppb 10/90 Oct-
Hept Stock 
10.7 1.058 12.33 
10 ppb 10/90 Oct-
Hept Sample 
1.861 1.101 0.3712 
 
Table B - 4. Data from fulvic acid experiments with stable analogs for both PMBP-


















PMBP pH 0 0 29.89 0.11 0.07378 0.655819 10.70118 
Cyclohexane 
pH 0 
0 30.38 0.12 9.82497 1.080378 11.07054 
Stock pH 0 0  0.14 10.4652 0.993578 11.6451 
PMBP pH 0 0.6 30.39 0.13 0.124864 0.530339 11.0808 
Cyclohexane 
pH 0 
0.6 30.03 0.11 9.891666 0.885951 11.22444 
Stock pH 0 0.6  0.14 9.61875 0.94433 10.84482 





1.2 30.08 0.14 9.56745 0.803153 11.03976 
Stock pH 0 1.2  0.13 9.871146 0.976752 10.96794 
PMBP pH 0 2.4 30.13 0.21 0.07615 0.440257 10.73196 
Cyclohexane 
pH 0 
2.4 29.51 0.14 8.889264 0.802845 10.43442 
Stock pH 0 2.4  0.16 9.698778 0.983421 10.8756 
PMBP pH 3 0 30.21 3.24 0.036013 0.762869 0.408141 
Cyclohexane 
pH 3 
0 29.75 3.14 8.969114 1.036662 11.37576 
Stock pH 3 0  3.18 8.756073 0.988549 11.13112 
PMBP pH 3 0.6 30.29 3.13 0.047613 0.516496 1.0703 
Cyclohexane 
pH 3 
0.6 29.75 3.09 4.789847 0.726377 11.23305 
Stock pH 3 0.6  3.14 7.955897 0.930346 11.45731 
PMBP pH 3 1.2 29.64 3.10 0.091964 0.52567 1.653359 
Cyclohexane 
pH 3 
1.2 30.43 3.08 5.063029 0.74972 11.19228 
Stock pH 3 1.2  3.12 8.283103 0.975502 11.49808 
PMBP pH 3 2.4 30.38 3.14 0.093565 0.520166 1.796065 
Cyclohexane 
pH 3 
2.4 30.70 3.08 6.520675 0.844314 10.97822 
Stock pH 3 2.4  3.07 8.382997 0.957969 10.75397 
PMBP pH 5 0 30.11 5.12 0.015473 0.892426 0.581326 
Cyclohexane 
pH 5 
0 29.01 5.07 1.009038 0.976929 10.17091 
Stock pH 5 0  5.04 4.218001 0.999558 10.60107 
PMBP pH 5 0.6 31.09 5.12 1.355713 0.830553 1.637049 
Cyclohexane 
pH 5 
0.6 31.77 5.17 7.856002 0.997622 10.28507 
Stock pH 5 0.6  5.08 9.931365 1.093745 11.73253 
PMBP pH 5 1.2 30.55 5.12 0.659509 0.571234 0.721994 
Cyclohexane 
pH 5 
1.2 29.30 5.10 8.174034 0.872957 10.2443 
Stock pH 5 1.2  5.07 9.789677 1.063165 11.65098 
PMBP pH 5 2.4 30.38 5.18 1.761408 0.705073 2.511637 
Cyclohexane 
pH 5 
2.4 30.70 5.10 8.389113 0.9174 10.38701 
Stock pH 5 2.4  5.17 9.620468 1.069281 11.34518 
PMBP pH 7 0 30.28 7.03 0.063066 0.675818 0.585199 
Cyclohexane 
pH 7 
0 29.75 7.05 1.652339 0.878054 9.460433 
Stock pH 7- 
PMBP 
0  7.02 5.741905 0.876627 7.070096 
Stock pH 7 - 
Cyc 
0  7.00 7.013013 1.048894 9.202541 
PMBP pH 7 0.6 30.65 7.08 2.241514 0.810676 1.343481 
Cyclohexane 
pH 7 
0.6 30.10 7.06 9.197445 1.035643 10.93745 
Stock pH 7 - 
PMBP 
0.6  7.04 9.80089 1.066223 11.28402 
Stock pH 7 - 
Cyc 
0.6  7.12 9.810064 1.098841 11.23305 
PMBP pH 7 1.2 30.14 7.17 2.775645 0.79824 1.242567 
Cyclohexane 
pH 7 
1.2 29.86 7.10 8.80704 0.992525 10.78455 
81 
 
Stock pH 7 1.2  7.03 9.712208 1.077435 11.28402 
PMBP pH 7 2.4 30.61 7.04 3.139547 0.802113 2.124291 
Cyclohexane 
pH 7 
2.4 29.89 7.08 8.560361 1.000068 10.8559 
Stock pH 7 2.4  7.10 9.369712 1.060107 11.05977 
PMBP pH 9 0 30.05 9.04 0.334647 0.745133 0.629234 
Cyclohexane 
pH 9 
0 29.60 9.11 5.175155 0.937889 10.22391 
Stock pH 9- 
PMBP 
0  9.01 9.067989 1.045836 9.209677 
Stock pH 9 - 
Cyc 
0  9.12 9.426795 1.123305 10.63165 
PMBP pH 9 0.6 30.55 9.00 3.716489 0.896096 1.864361 
Cyclohexane 
pH 9 
0.6 30.78 9.13 9.075125 1.013421 10.33604 
Stock pH 9 0.6  9.03 9.975196 1.102919 11.32479 
PMBP pH 9 1.2 30.61 9.07 2.907139 0.830961 1.94183 
Cyclohexane 
pH 9 
1.2 30.12 9.04 8.668411 1.059087 10.80493 
Stock pH 9- 
PMBP 
1.2  9.00 9.091434 1.033604 10.5501 
Stock pH 9 - 
Cyc 
1.2  9.01 9.807006 1.115151 11.21267 
PMBP pH 9 2.4 30.82 9.06 3.70018 0.854099 1.900037 
Cyclohexane 
pH 9 
2.4 30.31 9.08 7.805035 1.061126 10.95783 
Stock pH 9 2.4  9.10 9.149536 1.066223 10.86609 
 
Table B - 5. Data from humic acid experiments with stable analogs for both PMBP-

















PMBP pH 3 0 30.86 3.14 0.5554635 0.5204 0.04535 
Cyclohexane pH 
3 
0 30.14 3.21 5.003 0.6121 5.791 
Stock pH 3 0  3.19 4.983 0.6171 5.958 
PMBP pH 3 0.6 29.98 3.14 2.955705 0.5616 0.7767 
Cyclohexane pH 
3 
0.6 30.01 3.10 3.441 0.5905 4.555 
Stock pH 3 0.6  3.12 5.872 0.7548 6.282 
PMBP pH 3 1.2 30.09 3.18 4.714455 0.6767 2.193 
Cyclohexane pH 
3 
1.2 29.28 3.10 5.297 0.7123 5.811 
Stock pH 3 1.2  3.13 6.653 0.8157 6.959 
PMBP pH 3 2.4 30.14 3.14 5.36469 0.7154 3.568 
Cyclohexane pH 
3 
2.4 30.51 3.00 6.17 0.7732 6.907 
Stock pH 3 2.4  3.07 6.951 0.8333 7.487 
PMBP pH 5 0 29.87 5.10 0.2384865 0.638376 0.174669 
Cyclohexane pH 
5 
0 30.15 5.08 0.2835105 0.635763 4.68732 
Stock pH 5 0  5.11 2.068 0.7734 6.063 





0.6 29.99 5.13 5.347 0.7643 5.199 
Stock pH 5 0.6  5.01 6.685 0.8343 6.884 
PMBP pH 5 1.2 30.18 5.10 5.884275 0.7735 3.182 
Cyclohexane pH 
5 
1.2 30.14 5.16 6.453 0.8213 6.507 
Stock pH 5 1.2  5.04 7.154 0.8712 7.497 
PMBP pH 5 2.4 30.42 5.11 6.445065 0.8041 4.709 
Cyclohexane pH 
5 
2.4 29.87 5.13 7.093 0.8629 7.393 
Stock pH 5 2.4  5.02 7.471 0.8886 8.191 
PMBP pH 7 0 30.03 7.03 1.371825 0.6388785 0.4744605 
Cyclohexane pH 
7 
0 29.96 7.03 4.65918 0.76983 3.009975 
Stock pH 7 0  7.02 5.041 0.8022 3.874 
PMBP pH 7 0.6 30.31 7.04 5.81895 0.8245 2.389 
Cyclohexane pH 
7 
0.6 30.10 7.06 6.814 0.8884 6.491 
Stock pH 7 0.6  7.10 7.258 0.9046 7.296 
PMBP pH 7 1.2 29.88 7.17 6.27321 0.847 3.403 
Cyclohexane pH 
7 
1.2 30.14 7.12 7.076 0.893 7.098 
Stock pH 7 1.2  7.03 7.407 0.9007 7.708 
PMBP pH 7 2.4 30.10 7.04 6.555615 0.8219895 4.820985 
Cyclohexane pH 
7 
2.4 30.00 7.11 7.313385 0.8895255 7.653075 
Stock pH 7 2.4  7.04 7.507 0.8935 7.94 
PMBP pH 9 0 29.89 9.04 2.16678 0.6512 0.6896 
Cyclohexane pH 
9 
0 30.11 9.13 4.015 0.7683 3.645 
Stock pH 9 0  9.10 4.696 0.7995 4.333 
PMBP pH 9 0.6 30.00 9.01 5.803875 0.808623 2.53461 
Cyclohexane pH 
9 
0.6 29.87 9.12 7.10133 0.8816865 6.71139 
Stock pH 9 0.6  9.03 7.048 0.8765 6.993 
PMBP pH 9 1.2 30.01 9.07 6.17472 0.8324 3.593 
Cyclohexane pH 
9 
1.2 29.88 9.04 7.109 0.8798 7.08 
Stock pH 9 1.2  9.00 7.2 0.8778 7.453 
PMBP pH 9 2.4 30.14 9.06 6.52044 0.8371 4.905 
Cyclohexane pH 
9 
2.4 29.99 9.08 7.288 0.8765 7.594 
Stock pH 9 2.4  9.10 6.573 0.7838 6.969 
 
Table B - 6. Data from 
238
Pu oxidation adjustment experiments 
Sample pH  Spike Mass (g) Aqueous Mass (g) 
10 mmol NaHSO4 4.51 0.2058 29.6955 
10 mmol NaNO2 4.42 0.2058 29.6202 
10 mmol NaNO2 6.00 0.2040 29.6628 
0.6% H2O2 4.45 0.2037 29.6574 
0.6% H2O2 7.41 0.2025 29.5636 




Table B - 7. Data from 
238
Pu fulvic acid experiments with PMBP-cyclohexane using a 95 


















ph 0 0 1.0369 0.75 14.8 0.70 6.6 0.88 
0.6 1.0203 0.72 15.8 0.73 7.6 0.89 
1.2 1.0133 0.69 16.1 0.73 7.9 0.90 
2.4 1.0423 0.67 16.7 0.75 8.5 0.91 
ph 3 0 1.0369 2.97 21.8 0.85 13.6 1.00 
0.6 1.0218 2.99 23.1 0.88 14.9 1.02 
1.2 1.0210 3.10 23.7 0.89 15.5 1.03 
2.4 1.0153 3.12 26.5 0.94 18.3 1.08 
ph 5 0 1.0354 5.01 93.5 1.77 85.3 1.84 
0.6 1.0180 5.15 93.7 1.77 85.5 1.84 
1.2 1.0027 5.15 62.3 1.44 54.1 1.53 
2.4 1.0364 4.90 45.4 1.23 37.2 1.34 
ph 7 0 1.0340 6.96 107.3 1.89 99.1 1.96 
0.6 1.0153 7.12 90.4 1.74 82.2 1.81 
1.2 1.0165 7.02 77.5 1.61 69.3 1.69 
2.4 1.0158 7.03 69.1 1.52 60.9 1.61 
ph 9  0 1.0349 9.15 100.6 1.83 92.4 1.90 
0.6 1.0182 9.00 85.3 1.69 77.1 1.77 
1.2 1.0128 9.09 72.2 1.55 64 1.64 











Table B - 8. Data from 
238
Pu humic acid experiments with PMBP-cyclohexane using a 95 


















ph 3 0 1.0301 2.92 20.8 0.83 12.6 0.98 
0.6 1.0256 2.92 22.3 0.86 14.1 1.01 
1.2 1.0249 2.93 21.8 0.85 13.6 1.00 
2.4 1.0263 2.97 20.7 0.83 12.5 0.98 
ph 5 0 1.0307 5.13 90.5 1.74 82.3 1.81 
0.6 1.0269 5.09 54.1 1.34 45.9 1.44 
1.2 1.0248 5.09 26.7 0.94 18.5 1.08 
2.4 1.0254 4.95 27.3 0.95 19.1 1.09 
ph 7 0 1.0279 7.12 97.2 1.80 89 1.87 
0.6 1.0265 7.02 45.7 1.23 37.5 1.34 
1.2 1.0250 6.98 40.7 1.16 32.5 1.28 
2.4 1.0244 6.98 31.8 1.03 23.6 1.15 
ph 9 0 1.0251 8.95 95.4 1.78 87.2 1.86 
0.6 1.0260 9.06 66.8 1.49 58.6 1.58 
1.2 1.0230 9.13 35.7 1.09 27.5 1.21 






















Table B - 9. Data from 
238
Pu fulvic acid experiments with cyclohexane only using a 95 ± 


















ph 0 0 1.0393 0.75 20.2 0.074907 0 0.21187 
0.6 X 0.72 18.2 0.071102 -2 0.206559 
1.2 X 0.69 18.7 0.072072 -1.5 0.2079 
2.4 X 0.63 18.9 0.072457 -1.3 0.208433 
ph 3 0 0.9884 3.13 19.7 0.073974 -0.5 0.210555 
0.6 X 3.01 20.2 0.074907 0 0.21187 
1.2 X 3.08 20.3 0.075093 0.1 0.212132 
2.4 X 3.14 18.9 0.072457 -1.3 0.208433 
ph 5 0 1.0364 5.09 19.6 0.073786 -0.6 0.210291 
0.6 X 4.99 20.8 0.076012 0.6 0.213437 
1.2 X 5.12 19 0.072648 -1.2 0.2087 
2.4 X 5.00 20.8 0.076012 0.6 0.213437 
ph 7 0 1.0351 7.00 18.3 0.071297 -1.9 0.206828 
0.6 X 7.07 20.3 0.075093 0.1 0.212132 
1.2 X 7.02 19.5 0.073598 -0.7 0.210026 
2.4 X 7.14 19.6 0.073786 -0.6 0.210291 
ph 9 0 0.9941 9.02 18.9 0.072457 -1.3 0.208433 
0.6 X 9.13 17.6 0.069921 -2.6 0.204939 
1.2 X 8.98 19.4 0.073409 -0.8 0.209762 










Table B -  10. Data from 
238
Pu humic acid experiments with cyclohexane only using a 95 















ph 3 0 1.0414 2.92 18.3 0.071297 -1.9 0.206828 
0.6 1.0186 3.08 20.1 0.074722 -0.1 0.211608 
1.2 1.0253 3.03 21.6 0.07746 1.4 0.21551 
2.4 0.9994 3.13 20.1 0.074722 -0.1 0.211608 
ph 5 0 1.0348 4.97 20.5 0.075462 0.3 0.212655 
0.6 1.0338 5.10 23.2 0.080277 3 0.219596 
1.2 1.0317 5.02 21.5 0.07728 1.3 0.215252 
2.4 1.0174 5.05 20.2 0.074907 0 0.21187 
ph 7 0 1.0296 6.96 20.1 0.074722 -0.1 0.211608 
0.6 1.0270 7.15 20.1 0.074722 -0.1 0.211608 
1.2 1.0297 7.09 20.2 0.074907 0 0.21187 
2.4 1.0227 7.10 20.6 0.075645 0.4 0.212916 
ph 9  0 1.0286 9.10 19.9 0.074349 -0.3 0.211082 
0.6 1.0286 9.02 19.8 0.074162 -0.4 0.210819 
1.2 1.0287 8.98 19.9 0.074349 -0.3 0.211082 
2.4 1.0274 8.97 19.5 0.073598 -0.7 0.210026 
 
Table B - 11. Data from 
238
Pu(V) initial extraction trials using NaNO2. 
238
Pu stock 

















Pu(V) 1 0.0984 4.63 93.1089246 31 1.760682 25 1.923538 
Pu(V) 2 0.0974 4.62 93.2575278 35 1.870829 29 2.024846 








Table B - 12. Data from 
238
Pu (95 ± 1.2 dpm/g) and 
233





















Pu 0 mg/L 0 1.0305 4.48 89.5 3.20 82.8 6.98 
Pu 0.2 
mg/L 
3 1.0310 4.45 91.5 3.49 84.80 7.05 
Pu 2 mg/L 30 1.0296 4.40 62.9 2.90 56.20 2.93 
Pu 20 
mg/L 
300 1.0284 4.50 41.9 2.36 35.20 2.41 
U 0 mg/L 0 1.004 4.48 66 1.48324 60 1.549193 
U 0.2 
mg/L 
3 1.001 4.44 58 1.390444 52 1.460593 
U 2 mg/L 30 0.9948 4.59 53 1.32916 47 1.402379 
U 20 mg/L 300 0.9949 4.61 45 1.224745 39 1.30384 
 
Table B - 13. Data from detection efficiency experiments for all radionuclides used in 
LSC analysis. 











Pu(VI&IV) 0 5 0.408248 0 0.57735027 
20 DPM 
238
Pu(VI&IV) 0.2099 25 0.912871 20 1 
40 DPM 
238
Pu(VI&IV) 0.3963 47 1.251666 42 1.31656118 
80 DPM 
238




0.9864 100 1.825742 95 1.87082869 
0 DPM 
238
Pu(V) 0 6 0.774596669 0 1.095445 
20 DPM 
238
Pu(V) 0.2034 24 1.549193338 18 1.732051 
40 DPM 
238
Pu(V) 0.4041 47 2.167948339 41 2.302173 
60 DPM 
238
Pu(V) 0.5889 60 2.449489743 54 2.569047 
80 DPM 
238
Pu(V) 0.7916 78 2.792848009 72 2.898275 
100 DPM 
238
Pu(V) 0.9998 100 3.16227766 94 3.255764 
0 DPM 
233
U 0 6 0.447214 0 0.632456 
20 DPM 
233
U 0.2032 26 0.930949 20 1.032796 
40 DPM 
233
U 0.4001 45 1.224745 39 1.30384 
80 DPM 
233
U 0.8015 85 1.683251 79 1.741647 
100 DPM 
233





Table B - 14. Data from 238Pu 4 L extractions using tap water. 
238
Pu(V) stock 
concentration was 92 ± 3.2 dpm/g while 
238
















Pu(V) Tap 1 0.9998 5.15 27 1.643168 21 1.81659021 
238
Pu(V) Tap 2 1.0014 5.10 41 2.024846 35 2.16794834 
238
















1.0426 5.12 26 1.612452 20 1.78885438 
 















Pu(V) Lake 1 0.9534 5.02 27 1.643168 23 1.760682 
238
Pu(V) Lake 2 0.9542 4.99 30 1.732051 26 1.843909 
238
















0.9964 5.08 27 1.643168 21 1.81659 
233
U Lake 1 1.0008 4.52 41 2.024846 10 2.683282 
233
U Lake 2 1.0010 4.49 41 2.024846 10 2.683282 
233






Table B - 16. PMBP mass data from 4L lake water extractions. 
Sample Total PMBP 
Extracted (g) 
PMBP Mass After 
LSC Aliquot (g) 
Aliquot Mass (g) 
238
Pu(V) Lake 1 6.3658 2.4782 3.8876 
238
Pu(V) Lake 2 5.7076 1.7688 3.9388 
238
Pu(V) Lake 3 7.2960 3.4545 3.8415 
238
Pu(VI&IV) Lake 1 5.6240 1.6649 3.9591 
238
Pu(VI&IV) Lake 2 7.3022 3.4050 3.8972 
238
Pu(VI&IV) Lake 3 7.1947 3.3083 3.8864 
238
Pu(VI&IV) Lake 4 7.8869 4.0053 3.8816 
233
U Lake 1 7.4329 3.5180 3.9149 
233
U Lake 2 8.6135 4.7097 3.9038 
233
U Lake 3 8.2866 4.3677 3.9189 
 
Table B - 17. Titration data from lake and tap water samples for carbonate analyses 
Sample Volume of H2SO4 Added 
Lake 1 1.15 
Lake 2 1.20 
Lake 3 1.25 
Tap 1 1.40 
Tap 2 1.50 
















Appendix C – Column Purifications 
 
 As described in the conclusions section, the back extraction method yields an 
aqueous phase containing 99% of the extracted radionuclides. Further processing, such as 
column separations, allows for more detailed analyses (e.g. isotopic ratio analysis) on 
highly specialized instruments. This is an important part of the method because it gives a 
great deal of flexibility on further processing steps.  
 Column purification steps used a 0.5 mL resin bed of Bio-Rad AG 1x8 100-200 
mesh anion exchange resin in a Bio-Rad 15 mL column. Two organic phase samples 




U were used to 
exemplify how the full process would occur (samples from the full scale method using 
environmental waters). The columns were washed initially with water to remove any air 
bubbles, followed by 8M HNO3 (BDH Aristar) to prepare for the sample addition. The 




Pu from the back extraction steps was then added 
directly to the column, followed by 1 rinse of the sample bottle, and discarding of the 
effluent in a unified waste container. Then, 5 mL of 0.1 M HCl (Metrohm) was then 
added in 1 mL increments, collecting the effluent. After sample collection, the 5 mL was 
added to 15 mL of Optiphase Hi-Safe 3 cocktail and counted on the Tri-Carb LSC. In 
addition to the 0.1M HCl effluent, the resin bed was also ran on LSC by adding it directly 
to an LSC vial containing 18 mL of Hi-Safe 3 cocktail. 
 After the 4L lake water organic fractions were extracted from the samples, back 
extractions were performed into 8 M HNO3 as discussed above. Since the uranium 
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extractions were low, these back extractions were only performed for Pu samples.  
Following back extractions, column separations were performed following the protocol 
listed in the methods section. The results from the separations concluded that the 1M HCl 
with 0.01M HF did not remove the activity from the columns. Therefore, the resin from 
the column was loaded into a LSC vial and counted to determine the activity remaining 
on the resin. This fraction is shown in Table 7-1 and is expressed as the activity of 
238
Pu 
remaining on the column divided by the total activity added to the column. This should 
not be confused with the chemical yield used in the body of this thesis to describe the 
extraction of actinides into the organic phase. 
Table  7-1. Column experiment recoveries from the resin bed. 
Sample 
Fraction Remaining on 
column 
Pu(V) #2 58.1 ± 12 
Pu(V) #3 44.0 ± 9 
Pu(VI&IV) #3 64.7 ± 11 
Pu (VI&IV) #4 58.9 ± 11 
 
In order to account for detection efficiency of a sample containing resin, a method blank 
using only the acid rinses was counted and used as the background. The result shows 
similar recoveries of both plutonium stocks. Since no activity was found in the 1M HCl 
with 0.01M HF solution, it is assumed that the fraction not recovered was eluted with the 
load solution which was not saved (thus a mass balance was never completed). These 
recoveries are similar to methods that use co-precipitation (e.g. iron hydroxide) followed 
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by Bio-Rad AG 1X8 anion exchange separation, which have been found to be in the 60% 
range for aqueous extraction of plutonium (Chamizo, et al., 2007).  
 These results indicate that Pu can be extracted from a 4L aqueous sample then 
back extracted into a small volume of 8M HNO3 for further column separation. Although 
the column separation technique employed here did not produce a purified effluent with 
plutonium, it did demonstrate that the plutonium can be loaded onto the column. Other 
column separation techniques are available which may be tested but that was deemed to 
be beyond the scope of this work. 
8. References 
Chamizo, E., Jiménez-Ramos, M. C., Wacker, L., Vioque, I., Calleja, A., García-
León, M., et  al. (2008). Isolation of pu-isotopes from environmental samples 
using ion  chromatography for accelerator mass spectrometry and alpha 
spectrometry. Analytica  Chimica Acta, 606(2), 239-245. 
 
